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Abstract 
The explosion of the Chernobyl nuclear power plant in 1986 was categorized as the most 
severe nuclear accident in history, resulting in some of the most radioactively contaminated 
habitats on Earth. The consequence was an increased mutation and mortality rate in biota, 
which caused major damage on the ecosystem level, observed as local extinction and 
community rearrangement. The area is still contaminated with chronic, low level radiation, 
but the hazardous effect from this is not apparent. Contrary, the biota is flourishing. This can 
be a result of immigration to the exclusion zone, which the ecosystem would not be sustained 
without. Alternatively, radiation which causes increased genetic diversity and environmental 
stress can have caused adaptation of biota to the elevated radioactivity. Whether the scenario 
is one or the other is important for the ecosystem dynamics, and useful to understand in 
wildlife management. This knowledge is relevant, especially in the light of the recent 
accident at the Fukushima Daiichi nuclear power plant in Japan.  
The present study uses the oxidative DNA damage 8-OH-dG as a measure of adaptation in 
grasshoppers (Chorthippus spp.) from Chernobyl, in order to examine if organisms in the 
exclusion zone have adapted to the elevated radiation. The level of 8-OH-dG is detected by 
Enzyme-linked Immunosorbant Assay (ELISA) and compared to that of a Danish population 
which have not been exposed to chronic, low level radiation. Furthermore, DNA damage in 
Danish grasshoppers artificially irradiated with 178.8 mSV (1.9 mSv/h) is compared with that 
of the natural Danish and Chernobyl populations. 
Grasshoppers from Chernobyl have significantly less DNA damage compared to the 
Danish population and to the artificially irradiated Danish grasshoppers, which suggests that 
chronic radiation in Chernobyl may has caused adaptation of grasshoppers to survive high 
radioactivity. More studies are needed in order to conclude how the adaptations have 
occurred and the mechanisms behind, but the result is likely a more efficient protective 
and/or repair mechanism to maintain DNA integrity. If grasshopper populations in Chernobyl 
have adapted to the elevated radioactivity, perhaps similar organisms have as well, indicating 
a recovering ecosystem. However, more studies on adaptation and recovery are needed, 
before writing off the consequences of this manmade catastrophe.  
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Resumé 
Eksplosionen på Tjernobyl atomkraftværket i 1986 blev kategoriseret som den værste 
atomkraftulykke i historien og den resulterede i et af de mest radioaktivt forurenede arealer 
på jorden. Planter og dyr mærkede de øjeblikkelige konsekvenser af ulykken i form af 
forhøjet mutations- og dødelighedsrate, hvilket medførte lokal udryddelse af arter og store 
strukturændringer i økosystemet. Kronisk lav stråling forurener stadig området i dag, men 
den skadelige effekt fra dette er svær at se, faktisk blomstre økosystemet. Eftersom  stråling 
både skaber genetisk diversitet og er en selektionsfaktor, er det muligt at miljøet i den 
lukkede zone har tilpasset sig forureningen. Men der er også den mulighed at immigration fra 
områder uden forurening skjuler en forhøjet dødelighedsrate forårsaget af radioaktivitet. Om 
det er det ene eller det andet der gør sig gældende, har indflydelse på stabiliteten af 
økosystemet og dermed naturforvaltningen. Dette kan have stor betydning for Tjernobyl, men 
også andre radioaktivt forurenede områder, som for eksempel ved Fukushima Daichii 
atomkraftværket i Japan. 
Dette studie benytter den oxidative DNA skade 8-OH-dG som mål for græshoppers 
(Chorthippus spp.) tilpasning til den forhøjede radioaktivitet i Tjernobyl. Niveauet af DNA 
skade er målt med Enzym-linked Immunosorbant Assay (ELISA), og sammenlignes med det 
fra en dansk græshoppepopulation som ikke har været udsat for kronisk lav stråling og med 
danske græshopper der kunstigt har været udsat for en stråledosis på 178.8 mSV (1.9 mSv/t). 
Tjernobylpopulationen har signifikant mindre DNA skade end både strålede og ustrålede 
danske græshopper, hvilket tyder på en tilpasning til forhøjet radioaktivitet i Tjernobyl. Flere 
undersøgelser er nødvendige før det kan konkluderes, hvordan disse tilpasninger kommer til 
udtryk, men sandsynligvis er forøget beskyttelse og reparation af DNA en del af forklaringen. 
Hvis græshoppepopulationen har tilpasset sig og ikke bliver vedligeholdt af løbende 
immigration, er det muligt at andre lignende organismer også har tilpasset sig. Dette kunne 
indikere et økosystem i bedring. Flere studier er dog nødvendige før konsekvenserne af denne 
menneskeskabte katastrofe kan klarlægges. 
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1. Introduction 
Early Saturday morning on the 26
th
 of April 1986, two world-turning explosions broke the 
darkness at the Chernobyl nuclear power plant, former USSR.  From the town of Pripyat 2 
km from the site, the nearly 50,000 inhabitants could see the colourful flames burn until 5.00 
AM, where only the graphite fire in the core remained (Government of Ukraine, 2006, IAEA, 
2011a). 
The accident released approximately 13,500 pBq (10
15
decay/sec) of radionuclides into the 
environment (Chernobyl Forum Expert Group 'Environment', 2006), which placed it atop of 
the International Nuclear and Radiological Event Scale (INES) at level 7. The accident thus 
caused a 
“major release of radioactive material with widespread health and environmental effects 
requiring implementation of planned and extended countermeasures” (IAEA, 2008). 
At level 7 of INES the accident remained solitary until 2011, where it was flanked by the 
Fukushima Daiichi accident in Japan. However, the release at Fukushima was estimated 
‘only’  to be approximately 10 % of the Chernobyl accident (IAEA, 2011b). 
The mere definition of level 7 – if not the sheer quantity of the release – state that the 
Chernobyl accident imposed a substantial environmental stress on the area. The most visual 
effect of this stress was massive needle death of the radiosensitive pine trees (Pinus 
sylvestris), which turned a whole forest red. However, this opened the area for less sensitive 
species, and today grassland with deciduous trees cover the former forest floor. Hence, in 
spite of the fatal consequences of radiation, conditions for a dynamic ecosystem are still 
present. Today this is evident in the Chernobyl exclusion zone as high biodiversity and 
abundance of wild life, including rare species, like white tailed eagle and black stork 
(Chernobyl Forum Expert Group 'Environment', 2006).  
It could be natural to assume that the ecosystem is flourishing now – more than 20 years 
after the accident – because the contamination is indifferent. Indeed, only 0.5 % of the 
original emission activity remains, but 0.5 % of 13,500 pBq is still magnitudes higher than 
before the accident (Government of Ukraine, 2006). The average background radiation in the 
closed zone of Chernobyl is 18 mSv/y, 7.5 times higher than the average global background 
radiation (2.4 mSv/year (Peplow, 2011)) (Roed et al., 1996). The environmental pressure 
from radiation thus still persists today. On a cellular level, this pressure is expressed as 
mutagenesis or simply by death of the cell, often due to DNA damage. Radiation can thus 
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both induce genetic variation and select within it, which makes optimal conditions for 
adaptation and evolution (Bickham and Smolen, 1994, Matson et al., 2000). 
With this in mind, and considering the dynamic ecosystem which persists within the 
Chernobyl exclusion zone, it seems likely that its inhabitants have adapted counter measures 
towards elevated radiation.  However, since death of a single individual is of no concern for 
the population, this thriving can be misleading.  It is possible that the area simply functions as 
a population sink, where organisms immigrate from uncontaminated areas, just to die without 
reproducing (Geras'kin et al., 2008). Whether it is one or the other would have great impact 
on the ecosystem in general. If organisms in Chernobyl adapted and showed a positive 
growth rate, it would create a sustainable ecosystem, which could enrich the surrounding 
area. On the other hand, if it functioned as a population sink, it would contribute to a 
depletion of the adjacent environments. For example, managing the wild life could possibly 
result in introduction of an endangered species into what seems like a healthy environment, 
but if the area is a population sink, this will have serious consequences for the species.  
Considering the resent event at Fukushima, it is relevant to clarify whether adaptation to 
elevated radioactivity have occurred or not. It could be useful in planning wild life 
management and maybe assist in protection of endangered species. Using grasshoppers as a 
model organism, this study examined adaptation on a cellular level, more specifically 
protective mechanisms against DNA damage. Because radiation induces DNA damage, it 
would be expected that organisms from Chernobyl have more DNA damage, than organisms 
in uncontaminated environments, therefore adaptation was measured by comparing DNA 
damage in Chernobyl and Danish grasshoppers. The hypothesis stated that if grasshoppers 
from Chernobyl had less or equivalent DNA damage compared to a Danish population, they 
had adapted a better defence system against radiation. Furthermore, an acutely radiated 
Danish population was studied, in order to examine the effect of radiation to non-adapted 
grasshoppers compared to grasshoppers which have had time to adapt through generations. 
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2. The Chernobyl Nuclear Power Plant Accident 
Approximately 100 km north of Kiev, the former Ukrainian SSR, (Figure 2.1), late in the 
night Friday the 25
th
 of April 1986, reactor 4 of the Chernobyl nuclear power plant  
(Government of Ukraine, 2006), had been subjected to a series of experiments. This lead to 
evaporation of the coolant, which caused the power level to rise and finally to a steam 
explosion Saturday morning which destroyed the reactor (Chernobyl Forum Expert Group 
'Environment', 2006). Building, reactor and core caught fire, which released approximately 3 
% of the reactor’s accumulated radionuclides into the environment (Government of Ukraine, 
2006). Where the main fire was extinguished considerably fast, the graphite core kept 
burning until the 6
th
 of May, thus emitting radionuclides 10 days in total (Chernobyl Forum 
Expert Group 'Environment', 2006). 
 
Figure 2.1 Map of Europe and the Chernobyl exclusion zone. Chernobyl nuclear power plant (Chernobyl NNP) is 
noted by a star (National Geographic Society, 2006, Google Earth, 2012). 
This accident had serious consequences for the environment in the area. In order to 
understand why, it is necessary to know the physics of radioactivity and how it interacts and 
affects biology on a molecular, cellular and environmental scale. 
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2.1. Radioactivity 
Spontaneous decay of an unstable nucleus produces emission of a particle and/or 
electromagnetic radiation and is called radioactivity. Both particles and waves are able to 
ionize interacting matter, and are thus called ionizing radiation. The degree of ionization is 
determined by the energy it carries, which in turn is dependent on frequency (v) or 
wavelength (λ) for particles and waves, respectively. This is described by the Planck-Einstein 
relation (Eq. 2.1), where E is energy, h Planck’s constant and c the speed of light 
(L'Annunziata, 2007).  
Eq. 2.1           
 
 
 
Degree of energy deposited, and thus ionization in organic matter, is also dependent on the 
physical difference between particles and waves. Particles have mass and a potential charge, 
where waves do not (Saha, 2013). It is the stability of the mother atom which determines 
wavelength and/or frequency and thus the energy outlet: High instability yields a lot of 
energy, which will result in a high energy emission (L'Annunziata, 2007). In general, atoms 
with a neutrons-to-protons ratio of more or less than 1, and atoms with an odd number of 
protons or neutrons are more unstable. As an example, the isotope uranium-235 is an unstable 
atom, and emits ionizing radiation (Saha, 2013). 
2.1.1. Radioactive Decay 
The activity of a specific isotope is directly related to the number of radioactive isotopes 
present. Over time this activity will decrease as the isotope decays. The time it takes to decay 
is specific for the different isotopes and can vary between a few seconds to thousands of 
years. It is not possible to predict the precise time, but statistically it can be determined when 
50 % of the isotope has decayed. Radioactive isotopes thus have specific half-lives (Table 
2.1)  (L'Annunziata, 2007). 
Table 2.1 Examples of radioactive isotopes (with biological importance) released from the Chernobyl accident, their 
decay products and half-lives (Newman and Unger, 2003). 
Radioactive isotope Decay product Half-life 
Iodine-131 β-particle and γ-ray 8.04 days 
Strontium-90 β-particle 29.12 years 
Caesium-137 β-particle and γ-ray 30.0 years 
Plutonium-239 α-particle and γ-ray 2.4×104 years 
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Decay Products 
Due to the physical differences between particles and waves, they do not deposit the same 
amount of energy in biological matter. 
Alfa radiation (α-radiation) emits a particle structurally equivalent to a helium atom, 
consisting of two protons and two neutrons (L'Annunziata, 2007). When an isotope decays 
with an α-particle the proton number becomes reduced by two and the mass number by four: 
        
       
    
α-particles are usually emitted from isotopes with a high mass, like radon and plutonium. 
These types of isotopes are very unstable and will emit the high energy α-particles in order to 
stabilize (Saha, 2013). Because α-particles are relatively large and heavy, they do not travel 
far from the isotope after decay, and due to the positive charge they hardly penetrate any 
surfaces (Pease et al., 2007), e.g. α-particles range into body tissue is approximately 0.03 mm 
(Saha, 2013). But the physical properties of the α-particle also entail rapid deposition of a 
high amount of energy in the interacting matter. This leads to production of many ionizations 
in a small area (Saha, 2013). Thus, of the ionizing radiation, α-radiation is the most damaging 
to biological tissue, but it has to be in close proximity to the organism. 
Neutron radiation produces two or more neutrons and like α-radiation, neutron radiation 
occurs in heavy isotopes – often in parallel to α-radiation (Saha, 2013). Neutrons are quite 
similar to α-particles, but smaller and have no charge. This enables them to travel longer and 
penetrate matter easier, but they are still quite damaging to biological tissue because of their 
size (L'Annunziata, 2007).  
Beta radiation (β-radiation) produces a particle structurally equivalent to an electron. It 
can be either negatively charged (negatrons – β-) or positively charged (positrons – β+) and 
originates from the nucleus of an atom – unlike electrons which are diverged outside the 
nucleus (L'Annunziata, 2007). Along with the β-particle either an antineutrino (in case of β-) 
or a neutrino (in case of β+) will be emitted, thus decay with a β-particle will either result in 
raising or decreasing the proton number by 1: 
        
                     
    
     
               
   
β-particles are decay products of isotopes which are either neutron or proton rich, 
depending on the type of β-radiation. Thus, the isotopes’ neutron-to-proton-ratio has to be 
greater or lower than the nearest stable atom (Saha, 2013). Compared to protons or neutrons, 
the β-particles are very small and light, which enables them to travel longer. Furthermore, 
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they are less charged, which makes them penetrate matter easier (L'Annunziata, 2007). It is 
hard to determine the actual range into matter, due to ‘bouncing’ between molecules (Saha, 
2013), but all the energy has usually been deposited in a tissue depth of maximum 1-2 mm 
(Nias, 1998). 
Gamma radiation (γ- radiation) does not have mass or charge and is thus comparable to 
other electromagnetic radiation such as light, except that the wave length of γ-rays are much 
shorter and therefore contain higher energy (Eq. 2.1 and Table 2.2) (Saha, 2013). 
Table 2.2 Wavelength (cm) and energy level (eV) of different electromagnetic waves (Saha, 2013). 
Type Wavelength (cm)   Energy (eV) 
Radio, TV 10
2-106 10-10-10-6 
Visible light 10
-5-10-4 1-2 
γ-rays 10-11-10-6 100-107 
 
Unlike the particles, γ-rays do not alter the structure of the isotope; rather they function as 
a release of excess energy, in order for the isotope to become more stable. E.g. after β-decay 
of Rubidium to Strontium, Sr is excited (denoted by ‘m’) and this extra energy is emitted by 
γ-radiation: 
        
           
       
   
Because γ-rays do not have mass or charge, they have a long range and high penetration 
into matter. This same property entails that they do not interact with matter, but do deposit 
energy. The energy is transferred to electrons in the atoms, which releases the electrons and 
forms ion pairs (L'Annunziata, 2007). Even though γ-rays penetrates deeper into matter, than 
the particle radiations, they also carry less energy and thus cause less damage to biological 
tissue (Saha, 2013). 
2.1.2. Radiation Units 
In order to discuss radioactivity, it is necessary to define the units of radiation. To asses both 
physical and biological aspects several units are needed. The physical factors are exposure in 
air (roentgen - R) and activity of an isotope (becquerel - Bq) (Table 2.3) (Nias, 1998).  
The biological factors are the absorbed dose in a given mass (gray - Gy) and the 
equivalent dose (sievert - Sv). The latter accounts for the physical differences of radiation by 
applying a weighting factor representing the capacity for biological damage. For example, γ-
radiation have a weighting factor of 1 and thus is Gy and Sv interchangeable when 
considering this type of radiation (Pease et al., 2007). 
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Table 2.3 The units of radiation. Physical and biological measures. C = coulombs; Wr = weighting factor (Nias, 1998, 
Pease et al., 2007). 
 Quantity Unit 
P
h
y
si
ca
l Exposure Roentgen (R) C/kg 
Activity Becquerel (Bq) Decay/s 
B
io
lo
g
ic
a
l Absorbed dose Gray (Gy) J/Kg 
Dose equivalent Sievert (Sv) J/Kg × Wr 
Dose 
Even though radiation always occurs over time, there is a distinction between total dose and 
dose rate. The total dose is the amount of radiation a target is subjected to as a whole within a 
prefixed time (seconds, days, months, ect.) (Nias, 1998). The dose rate is the biological effect 
of radiation over a certain time interval. Thus, a dose rate of 4 mSv/year will yield an 
accumulated dose of 0.32 Sv over 80 years – a approximate lifetime dose of a Danish citizen 
(Sundhedsstyrelsen, 2012). This distinction is important because 4 mSv/year does not have a 
biological effect, where a dose of 0.32 Sv within a few seconds would have an impact 
(Iliakis, 1991).  
2.1.3. Sources of Radioactivity 
Earth and its inhabitants are continuously exposed to radiation. This is called background 
radiation and can vary depending on the location on the globe (Nias, 1998). Approximately 
75 % of radiation to the Danish population comes from natural sources (Figure 2.2). These 
are mainly from radon (50 %), but also from cosmic radiation, food and Earth’s crust. The 
background radiation is very small in Denmark, 4 mSv/year on average, and thus not 
something to consider (Sundhedsstyrelsen, 2012),  
 
Figure 2.2 Relative contribution of sources from radiation to the human population in Denmark. 2.04 mSv/y radon; 
0.3 mSv/y the Earth; 0.3 mSv/y cosmic; 0.4 mSv/y food; 1 mSv/y artificial (Sundhedsstyrelsen, 2012). 
Radon 
50% 
The 
Earth 
7% 
Cosmic 
8% 
Food 
10% 
Artificial 
25% 
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Radon is continuously produced in the Earth’s crust, mainly in bed rock and less in sandy 
soils hence, exposure depends on location. It accumulates in closed space, such as basements, 
and is therefore not relevant for the background radiation of wild life. Other radioactive 
isotopes are present in Earth’s crust from when it was created. The cosmic radiation 
originates from the sun and outer space, but is reduced by Earth’s magnetic field. 
Radioactivity from these sources accumulates in plants and further up the food-chain, and can 
contribute to the general radiation of a consumer. Contributing to the food pool is also 
radioactive fallout from nuclear bombing and disasters, so a small part of this from an 
artificial source (Sundhedsstyrelsen, 2012). For example, an average accumulated dose over 
20 years from the Chernobyl accident is 0.3 mSv for a European citizen (Peplow, 2011).   
By definition, artificially created radiation is caused by humans. Nuclear fallout is only a 
minute part of this. The main proportion comes from medical uses (25 % of total background 
radiation) such as x-rays and cancer treatment (Sundhedsstyrelsen, 2012), which is of little 
importance for the exposure of wild life. 
Radioactive Contamination from the Chernobyl Accident 
Nuclear fallout from the Chernobyl accident is not represented in Figure 2.2. This is because 
the contamination from this constitutes less than a thousandth of the average yearly dose to a 
Danish citizen at this moment. None the less, a rise in radioactivity could be measured in 
Denmark just after the accident (Sundhedsstyrelsen, 2012).  
In 1986 approximately 13,500 pBq of radionuclides was released from the accident. How 
this contamination spread was dependent on two factors: The form of released radionuclides 
and the weather situation at the time. The biggest particles could not be carried longer than 
several kilometres from the power plant and the smallest fuel particles (which were still 
considerably big and dense) travelled a maximum of a few tens of kilometres. The majority 
of the contamination was deposited within this area (Figure 2.3)  (Chernobyl Forum Expert 
Group 'Environment', 2006).  
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Figure 2.3 Contamination of the Chernobyl area from 1
st
 of July 1985 (top) and 10
th
 of May 1986 (bottom). Caesium-
137 is pictured on the left side and strontium-90 on the right side (ICRIN, 2010). 
In spite of the larger particle deposition in the surrounding area, the contamination was not 
limited to here. Gaseous and sub-micrometre condensed particles where spurred high in the 
air and travelled with the wind. This lead to a considerable deposition of radionuclides in all 
of Europe, but due to wind direction and precipitation this contamination was very 
heterogeneous (Figure 2.4) (Chernobyl Forum Expert Group 'Environment', 2006). The 
radioactive cloud reached Sweden after two days, continued west and by the 5
th
 – 6th of May 
it was measured as far away as America  (International Advisory Commettee, 1991).   
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Figure 2.4 Air plume behaviour and arrival times of detectable radioactivity in air, in Europe. The lines corresponds 
to plume behaviour: Mass movement originating from Chernobyl on April 26 and 27 (red), April 28, 29 and 30 
(green) and May 1, 2 and 3 (yellow). The numbers correspond to arrival times in days: 1) April 26; 2) April 27; 3) 
April 28; 4) April 29; 5) April 30; 6) May 1; 7) May 2; 9) May 4. 
Water from the fire fighting (International Advisory Commettee, 1991) and later from 
precipitation dissolved small particles, which made them more mobile and bioavailable. Due 
to the amount of big, undissolvable particles, only 5 % - 30 % of 
137
Cs were dissolved near 
the power plant (Chernobyl Forum Expert Group 'Environment', 2006). The remaining stayed 
as ‘hot particles’, a mixture of Uranium fuel particles melted together with other 
radionuclides. Radioactivity of such a particle could reach 10 kBq (Yablokov et al., 2009) 
In order to minimize contamination of rivers and the Kiev reservoir, several dams and 
dikes were dug, along with an 8 km long, 30-35 m deep barrier around the power plant 
(International Advisory Commettee, 1991). This stopped leaching of radionuclides from the 
site and instead the majority settled or decayed in the sediments around Chernobyl 
(Government of Ukraine, 2006). 
A wide range of radionuclides was released with very varying half-lives (Table 2.4) and 
the majority of these stayed in close proximity of the power plant – defined by the exclusion 
zone (marked on Figure 2.1, page 9).  
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Table 2.4 Radionuclides emitted during the Chernobyl accident. Types of radionuclides, thier halft-lifes and activity  
on April 26 1986 and 2006. Percentage released from the reactor. 
a
 values from Chernobyl Forum Expert Group 
‘Environment’, 2006. b values from Government of Ukraine, 2006. (International Advisory Commettee, 1991, 
Chernobyl Forum Expert Group 'Environment', 2006, Government of Ukraine, 2006). 
Radionuclides emitted from the Chernobyl nuclear accident 
Radionuclide Half-life Activity released (pBq = 10
15
Bq) 
26
th
 of April 1986 26
th
 of April 2006 
Rare gases 
Krypton-85 10.72 years 33 ~9.058000 
Xenon-133 5.25 days 6500  
Volatile elements 
Tellurium-129 33.6 days 240 <0.000000 
Tellurium-132 3.26 days ~1150 <0.000000 
Iodine-131 8.04 days ~1760 <0.000000 
Iodine-133 20.8 days 2500 <0.000000 
Caesium-134 2.06 years ~47a / ~54b <0.065000 
Caesium-136 13.1 days 36 <0.000000 
Caesium-137 30.0 years ~85 ~53.55000 
Intermediate volatile elements 
Strontium-89 50.5 days ~115 <0.000000 
Strontium-90 29.12 years ~10 ~6.210000 
Ruthenium-103 39.3 days >168 <0.000000 
Ruthenium-106 368 days >73 <0.000077 
Barium-140 12.7 days 240 <0.000000 
Heavy volatile elements 
Zirconium-95 64.0 days 84a / ~196b <0.000000 
Molybdenum-90 2.27 days >72
a
 / ~168
b 
<0.000000 
Cerium-141 32.5 days 84a / ~196b <0.000000 
Cerium-144 284 days ~50a / ~116 <0.000002 
Neptunium-239 2.35 days 400 <0.000000 
Plutonium-238 87.74 years 0.015a / ~0.035b <0.030000 
Plutonium-239 24,065 years 0.013a / ~0.030b <0.030000 
Plutonium-240 6,537 years 0.018a / ~0.042b <0.042000 
Plutonium-241 14.4 years ~2.6a / ~6b ~2.292000 
Plutonium-242 376,000 years 0.00004 ~0.000040 
Curium-242 18.1 years ~0.4a / ~0.9b ~0.419000 
Total 
contamination 
 ~13,253.686
a
 / 
~13,935.89593
b 
<71.696119 
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Because of the highly varying half-lives, the time frame was of great importance for the 
estimation of contamination (Government of Ukraine, 2006) and the postaccident period has 
therefore been divided into three phases:  
1) Due to the considerable quantities of highly radioactive nuclides released, the first 20 
days after the accident was classified as a period of acute exposure. The nuclides 
accumulated in various biotas and caused intense damaging effects.   
2) From Table 2.4 it is clear that a major part of the nuclides had half-lives less than a 
year. This meant that over the summer and autumn dose rates at the soil surface decreased to 
less than 10 % of the initial, but radioactive nuclides still accumulated in biota and thus, 
retained a high exposure level. In this period the concern predominantly laid on iodine-131 
(Chernobyl Forum Expert Group 'Environment', 2006), due to iodine’s uptake and 
accumulation in the thyroid glands of mammals (Government of Ukraine, 2006). 
3) In the last and continuing phase the exposure is defined as chronic. Most short lived 
nuclides have decayed, and focus is now on the intermediately long lived ones, especially 
Caesium-137 and Strontium-90, which half-lives are 30 and 29 years, respectively. The 
concern is due to the large quantities still present (Table 2.4), and their high bioavailability. 
Because of this, radiation still has a considerable effect on biota, even though less than 1 % of 
the initial contamination remains. In later years the focus will shift from the intermediate long 
lived nuclides to very long lived, like Plutonium-239, -240 and -242, as well as the decay 
product of 
241
Pu, Americium-241. 
241
Am, which is more bioavailable than its mother atom 
(Yablokov et al., 2009), will thus increase in concentration over time (Chernobyl Forum 
Expert Group 'Environment', 2006). 
2.1.4. Biological Properties of Radionuclides 
When considering radiation in nature, it is important to consider the isotopes, and not just 
the source as external. Like other nuclides, radionuclides can be taken up and incorporated 
into biological systems. Similar to all other toxic compounds, this depends on the 
physical/chemical properties of the nuclide and the biological system (Newman and Unger, 
2003). The action of radionuclides can be predicted because some radioactive isotopes are 
analogs of essential elements (Table 2.5) (Nias, 1998). These behaves like, but are not 
necessarily similar to, an element in biological processes (Newman and Unger, 2003). Due to 
this, the radionuclide is easily taken up and incorporated into biological systems, and will 
thus cause internal radiation (International Advisory Commettee, 1991). 
Page 19 of 75 
Table 2.5 Four radionuclides which have a biological analog and one which do not – for comparison of accumulation 
potential. Half-life, emission type, degree of food-chain transport and trophic level concentration factor are noted, 
along with accumulation location (in a vertebrae for the biological system) and biological retention time; w=weeks, 
m=months (Woodwell, 1967, International Advisory Commettee, 1991, Newman and Unger, 2003). 
Radionuc. Half life 
(emission) 
Bio. 
analog 
Food-chain 
transport 
Trophic level 
concentration 
Accumulation 
 
Bio. 
retention 
3
H 12 years (β)  H High ~ 1 ~ uniformly in 
body 
Low 
(days) 
131
I 8 days (γ) I High < 10 times Thyroid gland Moderate 
(w-m) 
90
Sr 28 years (β, 
γ) 
Ca High < 1 Bone High 
(years) 
137
Cs 30 years (γ) K High ~ 3 times ~ uniformly in 
body 
Moderate 
(w-m) 
239
Pu 24.000 (α, 
γ) 
- Very low < 10-2 Soil,  
(bone, lungs) 
High 
(years) 
 
The radionuclides have the same properties as their biological analogs, including 
accumulation and metabolism in biological tissue (Figure 2.5). This makes them more 
hazardous compared to nuclides which do not have a biological analog (Plutonium-239 in 
Table 2.5), due to prolonged and consistent irradiation (Chernobyl Forum Expert Group 
'Environment', 2006).  
 
Figure 2.5 Radioautography of leaves with incorporated Chernobyl radionuclides, where spots of raised radioactivity 
are visible. (A) Common plantain (Plantago major); (B) Aspen (Populus tremula) (Yablokov et al., 2009).  
Due to the biological properties, radionuclides can be recycled, redistributed and 
accumulated. The bioavailability of Plutonium is almost nonexistent and because of this, Pu 
will accumulate in the soil and isolate the radiation to a specific area. Over time, Pu will be 
covered by debris, migrate downwards and become dormant in the ground, isolating the α-
radiation and irradiating γ-rays to its surroundings (Chernobyl Forum Expert Group 
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'Environment', 2006). The remaining four radionuclides are very bioavailable and because of 
this, they are much more likely to be incorporated into a biological system. As with all 
nutrients, these nuclides will be recycled and thus, stay available. Furthermore, they can be 
transported away from the original deposit site by organisms. This can redistribute the 
radiation from a relatively even pattern to form hot and cold spots, consequently increase or 
decrease the radiation dose in areas.  
2.2. Radiobiology 
Radiobiology is a subject which deals with the effect of ionizing radiation on biological 
material. When radiation passes through tissue, it deposits energy to the atoms composing the 
molecules, which causes ionization or excitation. This ultimately changes the molecular 
structure, which often has a serious consequence to the cells and finally the organism (Saha, 
2013). The following describes the chemical interface between radiation and biology 
followed by how these chemical changes affect the cell and finally, what consequences this 
has for the ecosystem.  
2.2.1. Action of Radiation 
Ionizing radiation has two modes of action when causing damage to a cell: directly and 
indirectly. The type is determined by where in the cell, the radiation hits and how much 
energy it carries. Direct action causes damage directly to the cell, for example by disrupting a 
protein or breaking the DNA strand. This is usually caused by high energy radiation, which 
passes through the nucleus or organelles. Here the energy interacts with an electron in the 
molecule and knocks it away, which disrupts the molecules’ structure and thus disables it to 
function (Figure 2.6). For particle radiation this disruption can also be mechanical, when the 
particles collide with the molecule (Nias, 1998, Saha, 2013).  
Indirect action has the same result as direct, but it acts on water – the most abundant 
molecule in cells – rather than the biomolecule itself. When water is irradiated it causes a 
cascade of reactions which leads to the formation of free radicals (Figure 2.6) (Nias, 1998, 
Saha, 2013). 
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Figure 2.6 Direct and indirect action of radiation: Reaction cascades creating reactive free radiacals. R symbolizes an 
organic molecule in an organism. The dot symbolizes an unpaired electron, making it a free radical. The red circles 
indicates reactive organic molecules. 
Due to the unpaired electron, the free radicals are very reactive (Nias, 1998). These are 
called reactive oxygen species (ROS) and from Figure 2.6 and Figure 2.7 it is clear that they 
are very likely to react with organic molecules (Evans et al., 2004). The amount of ROS 
produced does not depend on the dose rate, but on total radiation dose (Saha, 2013). 
 
Figure 2.7 Direct and indirect action on DNA, exemplified by the oxidation of guanosine to 8-hydroxy-guanine. In 
direct action, radiation causes damage to the DNA directly, whereas in indirect action, the damage is done by radicals 
formed by radiation to water. 
2.2.2. Radiation Effect on Cells 
Radiation can damage all molecules in the cell, but several factors will affect how hazardous 
it is. Carlson (1941) showed that a single dose of 8-16 cGy, 250 cGy, 500 cGy and lastly 
more than 1,000 cGy caused increasing damages to the neuroblast of grasshoppers, proving a 
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positive correlation between dose and chromosome damage. Additionally, the dose rate or 
time intervals influence the resulting cell damage. Low exposure over long time or in 
intervals, enables protective molecules and processes in the cell to continuously counteract 
the damage (Iliakis, 1991). The variability of dose level, exposure time and accumulated dose 
between studies, makes it hard to determine how this interaction affects the cell. On a 
population level, however, Hinton et al.. (2012) has suggested that for chronic exposure, 
accumulated dose is of higher importance than dose rate. 
Damage to the Cell 
Radiation to the nucleus is known as the most damaging place, due to DNA’s vital functions 
to the cell. It has been shown that radiation with an α-isotope to the nucleus of a wasp egg 
caused death at a dose 3,000 times lower, than for the egg’s cytoplasm (Munro, 1961). The 
amount of DNA is static, lasting through the entire life of the cell, whereas molecules in the 
cytoplasm are plastic. Thus, if damage occurs to the cytoplasm, the molecules can be 
replaced. But damage to the nucleus – specifically DNA – has a consequence for the entire 
cell (Nias, 1998).  
Damage to DNA can be on both chromosome- and nucleotide scale, and can be expressed 
in several ways (Table 2.6, page 25). On chromosome scale it is single or double strand 
breakage and for nucleotides it can be loss or modifications of bases (Saha, 2013).  For the 
cell, this can have several consequences if not repaired (Griffiths et al., 2008): 
1) Cell malfunction 
2) Cell death 
3) Mutations, which can lead to both of the above. 
Cell malfunction occurs when specific changes to the DNA have an influence on the 
common processes. For example, it has been shown that an oxidative damage like 
deoxyguanosine  8-hydroxy-2-deoxy-guanosine can prevent binding of transcription 
factors to DNA, and thus inhibit gene expression (Ghosh and Mitchell, 1999) and oxidation 
of thymine can produce a thymine glycol, which stops DNA and RNA polymerase (Evans et 
al., 2004). This could lead to cell malfunction or apoptosis, depending on which gene it 
affected. Cell death is very likely in the case of damage to the chromosomes. Here the 
radiation induced ROS can attack the sugar or base and either break the strand or remove the 
nucleotide, which could also break DNA (Imlay and Linn, 1988, Griffiths et al., 2008). These 
two examples are of ionizing radiation which causes direct damage, but in the literature there 
is greater focus on mutations, and how they affect the cell (Gonzalez, 1994, Nias, 1998, 
Page 23 of 75 
Matson et al., 2000, Evans et al., 2004, Alberts et al., 2008, Griffiths et al., 2008, Saha, 
2013).  
Radiation was associated with mutations very early. All ready in 1938 Carlson (1941) 
observed chromosomal changes in irradiated grasshopper neuroblasts. He showed how 
chromosomes broke and rejoined, and these aberrations continued in the following cell 
generations. Mutations of the chromosomes can lead to three major changes: genetic loss, 
genetic gain or genetic relocation (Nias, 1998, Griffiths et al., 2008, Saha, 2013). Depending 
on where the aberrations occur, this will have consequences for the cell. Major genetic loss 
will very likely result in apoptosis, whereas genetic gain can over-express genes. Relocation 
can either result in over- or under-expression, depending on which genes are moved to where 
(Alberts et al., 2008, Griffiths et al., 2008). 
The radical rearrangement of genetic material in chromosome mutations is a likely reason 
for why these types of mutations are perceived as the most lethal consequence of radiation 
(Iliakis, 1991, Griffiths et al., 2008). Nucleotide mutations in comparison can be more subtle, 
only changing a fraction of the genome. The cell can survive with this mutation or, like with 
most chromosome mutations, die. The outcome depends again on which gene the mutation 
occurs in and what type it is (Gonzalez, 1994, Griffiths et al., 2008). 
‘Subtle’ damage to nucleotides can both be understood as a less radical endpoint – 
mutation instead of death – or more difficult to record. This is probably why chromosome 
aberrations traditionally have been the focus of radiation induced DNA damage (Carlson, 
1941, Iliakis, 1991, Sokolov et al., 1993, Baker et al., 1996, Sugg et al., 1996, Nias, 1998, 
Tsytsugina and Polikarpov, 2003, Griffiths et al., 2008, Bonisoli-Alquati et al., 2010b, Saha, 
2013). 
But nucleotide changes have also been reported for ionizing radiation. These usually lead 
to point mutations which either delete or alter a base. Deletion can occur, when the bond to 
the nucleoside breaks, resulting in an apurinic or apyrimidimic site (AP site). If not repaired, 
the missing base will be left out in the next cell division and one of the daughter cells will be 
a base short (Figure 2.8.A). The consequence of this, if it happens within a gene, is a frame 
shift during translation, which will have radical influence on the protein produced (Gonzalez, 
1994, Griffiths et al., 2008). 
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Figure 2.8 (A) Deletion of base resulting in a frame shift mutation (Griffiths et al., 2008). (B) Formation of guanine 
to 8-hydroxyguanosine after indirect ionizing radiation. 
 
Modification of nucleotides is most often due to indirect radiation by ROS. These 
modifications can occur to any of the five nucleotides and are often in the form of addition of 
an OH-group or a glycol, or as deamination. The most intensely studied modification caused 
by ROS is the formation of 8-hydroxy-2-deoxy-guanosine (8-OH-dG) from deoxyguanosine 
(dG) (Figure 2.8.B.) (Cooke et al., 2003, Evans et al., 2004, Griffiths et al., 2008). The 
reason for this is that 8-OH-dG has a direct mutagenic effect: It can mispair with adenosine, 
thus creating a point mutation of guanosine  thymine (Lindahl, 1993, Evans et al., 2004), 
or in rare cases be misincorporated opposite an adenosine, creating an adenosine  cytidine 
substitution. Furthermore, it has been shown to induce misreading by E. coli DNA 
polymerase I, not only of the modification itself, but also of adjacent pyrimidines (Evans et 
al., 2004). 
The different types of DNA damage and their consequences for the cell are listed in Table 
2.6. 
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Table 2.6 Types of DNA damage that can be produced by radiation, (Nias, 1998, Cooke et al., 2003, Evans et al., 2004, 
Griffiths et al., 2008, Gordenin, 2012, Saha, 2013).  
DNA 
damage 
                                      Consequences 
In the DNA For the cell  
  
S
in
g
le
 s
tr
a
n
d
 b
re
a
k
 
Creating AP site Deletion of base in one 
daughter cell  
Mutation 
Transcription stop Stop of protein production Cell malfunction 
Replication stop Stop of cell division Necrosis or apoptosis 
Repair Double strand break Recovery 
D
o
u
b
le
 s
tr
a
n
d
 b
re
a
k
 
Chromosome rearrangements Mutations Likely to result in cell 
death 
Creating AP site  Deletion of base in one 
daughter cell  
Mutation 
Increase in single stranded 
DNA due to repair 
Due to error-prone translesion 
DNA synthesis 
Potential increased DNA 
mutations 
Transcription stop Stop of protein production Cell malfunction 
Replication stop Stop of cell division Necrosis or apoptosis 
L
o
ss
 o
f 
b
a
se
s 
Base mismatch  Incorporation of wrong base 
during repair 
Mutations 
Reading frame shift Changes in Amino acid 
sequence 
Cell malfunction 
Repair Single strand break Recovery 
M
o
d
if
ic
a
ti
o
n
 o
f 
b
a
se
 Base mismatch Incorporation of wrong base 
during DNA replication  
Mutations 
Transcription stop Stop of protein production Cell malfunction 
Replication stop Stop of cell division Necrosis or apoptosis 
Repair Single strand break Recovery 
 
Damage to other parts of the cell due to irradiation are less established (Imlay and Linn, 
1988). As mentioned, damaged enzymes will be replaced by DNA transcription, and 
therefore not have a prolonged effect. However, oxidative damage to lipids can have serious 
consequences. It is observed as accumulation of lipid peroxides in the membranes of 
organelles (Imlay and Linn, 1988, Nias, 1998) and this can cause loss of diffusion barriers, 
among other processes an important mechanism for production of ATP in the mitochondria. 
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If ROS would attack the cell membrane, it could lead to cell lysis (Alberts et al., 2008, 
Nelson and Cox, 2008). 
 A mechanism, while in connection to DNA, but regulated by enzymes, is the epigenome. 
It has been shown that ionizing radiation can change the epigenetics of a cell. These changes 
are not perceived as mutations, because they do not change the DNA sequence, none the less, 
they do have a major influence on gene expression. Out of the three epigenetic mechanisms – 
DNA methylation, histone modifications and genomic imprinting – DNA methylation is the 
most studied in relation to radiation (Ilnytskyy et al., 2012). Global hypomethylation of DNA 
(Pogribny et al., 2004, Koturbash et al., 2005, Aypar et al., 2011) and histones (Pogribny et 
al., 2005) have been reported several times. Epigenetic instability, through DNA 
hypomethylation, have both been associated with the direct effect of irradiation (Aypar et al., 
2011), and as a consequence of DNA repair where DNA is not remethylated after repair of 
the induced radiation damage (Pogribny et al., 2004). Hypomethylation of the DNA is likely 
to affect gene expression, usually in the form of over expression, which will lead to cell 
malfunction (Ilnytskyy et al., 2012).  
Cellular Response 
Normal cellular metabolism is a source of ROS which – like when generated by radiation – 
interact with the cell components and cause oxidative damage. Because of this stressor, the 
cell has developed a range of protective molecules and processes (Pohl-Rüling and Fischer, 
1979). The response to ROS can be protective, before the damage occurs, or offensive, 
repairing the damage when it is done (Evans et al., 2004, Korsloot et al., 2004).  
The protective mechanisms can be either passive or active. Passive protection is 
facilitated by antioxidants, which could be vitamin A, C and E and/or glutathione and uric 
acid. Antioxidants can either reduce oxidized molecules or work directly by scavenging free 
radicals (Newman and Unger, 2003, Korsloot et al., 2004, Nelson and Cox, 2008). 
Active protection is done by enzymes which catalyse reduction of the free radicals. Below 
is an example of how superoxide dismutase (SOD) reduces O2
·-
 to H2O2, which again is 
transformed to H2O by either catalase (CAT) or glutathione peroxidase (GPO) (Newman and 
Unger, 2003). 
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The production of protective molecules is regulated by ROS levels (Newman and Unger, 
2003, Korsloot et al., 2004). This has been shown for swallows (Hirundo rustica) chronically 
exposed to radiation in Chernobyl, which have a positive correlation between up-regulated 
antioxidant defence and ROS levels (Bonisoli-Alquati et al., 2010a). A similar result has been 
shown for the enzymes CAT and SOD in mice, which experimentally had been exposed to 
low level radiation (Otsuka et al., 2006). Also, Zelena et al.. (2005) found up regulation of a 
H2O2 scavenger and ubiquitin conjugating enzyme in dwarf needles of pine trees (Pinus 
sylvestris) in Chernobyl, compared to normal needles on the same tree. Ubiquitin conjugating 
enzyme dose not remove ROS, but acts on abnormal/damaged proteins, in order to remove 
them from the cytoplasm. 
An offensive action is needed when the passive protectants do not suffice. As mentioned, 
DNA play a major role in cell proliferation and this offensive mode keeps DNA’s integrity. 
Due to the clinical uses, much investigation has been done on repair of DNA after irradiation 
(Nias, 1998, Saha, 2013). Whether repair will occur successfully depends on the dose, dose 
rate and time. Too high a dose will simply kill the cell, but if this total dose is divided into 
several exposures, the cell will have time to repair in between and can survive (Ducoff, 1972, 
Saha, 2013). Also the type of radiation has an influence. There is significant repair after γ-
radiation, but almost no repair if the cell has been exposed to α- or neutron sources (Saha, 
2013). 
There are several types of repair mechanisms in the cell (Table 2.7). Some operate on 
homology of the template strand and others do not.  
Table 2.7 Repair mechanisms of DNA and their target damage (Griffiths et al., 2008). 
Repair mechanism Type of damage 
Base excision repair (BER) Single base lesions and single strand break 
Nucleotide excision repair (NER) Bulky DNA lesions 
Translesion synthesis  Bulky DNA lesions 
Nonhomologous end joining Double strand break 
Homologous recombination Double and single strand break 
 
The three major repair systems acting on damage caused by radiation are base-excision 
repair (BER), nucleotide-excision repair (NER) and repair of double strand breaks. BER and 
NER are both based on the complementary strand, but differ in the target damage: BER 
removes non bulky damage and single bases, where NER excise bulky adducts and several 
nucleotides (Griffiths et al., 2008). From Table 2.6, page 25, it is clear that the majority of 
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damage by radiation causes single base damage and strand breaks, thus is BER the 
predominant form for repair between these two. The first step of BER (Figure 2.9(A)) is to 
locate and remove the damaged base, and it has been shown that there is a range of 
glycosylases which execute this (Cooke et al., 2003, Evans et al., 2004). Thus, for the 
oxidization of guanine to 8-OH-dG three glycosylases are known: 8-OH-G glycosylase 1 
(OGG1), OGG2 and Nei-like glycosylase 1 (NEIL1). The affinity of the different 
glycosylases depend on the paring of 8-OH-dG in the base pair. OGG1 predominantly excises 
8-OH-dG:C, where OGG1 and NEIL1 have higher affinity for 8-OH-dG:G and 8-OH-dG:A 
(Cooke et al., 2003). Thus, their roles differ: OGG1 repairs DNA damage, where OGG2 and 
NEIL1 correct mutations. After base excision, the sugar phosphate is removed creating an AP 
site, after which DNA polymerase and ligase seal the single strand break (Griffiths et al., 
2008). 
 
Figure 2.9 The two major homology based repair systems. (A) Base excision repair; (B) Nucleotide excision repair 
(Alberts et al., 2008) 
Knock out of OGG1 in mice have shown that an excision of 8-OH-dG still occurs, 
suggesting that there is a back-up system for BER. Some evidence suggest that NER could be 
this back-up, so the cell has quite an elaborate defence system against damage (Evans et al., 
2004). Figure 2.9(B) shows the mechanism of NER and it is clear that this system is more 
extensive, because several nucleotides are excised, leaving open single stranded DNA before 
DNA polymerase and ligase heals the break (Griffiths et al., 2008). 
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 Another common base lesion from radiation is thymine glycol (Tg). This also have BER 
as the major repair mechanism and NER as back-up (Cooke et al., 2003). Tg is a more bulky 
lesion, which stops DNA replication. If not repaired immediately, this makes a target for 
another homology based repair system: translesion DNA synthesis. A stalled DNA 
polymerase can initiate a cell-death pathway, and in order to avoid this, an error-prone repair 
‘bypass’ polymerase replaces the normal polymerase and DNA replication continues. Besides 
being able to tolerate large adducts, the bypass polymerase is lacking proofreading and is thus 
more mutation prone (Griffiths et al., 2008). 
If the cell is in a resting state of the cell cycle, repair of double strand breaks can also be 
error prone: Nonhomologous end joining (Figure 2.10(A)) is lacking the complementary 
strand to copy from. Instead two end-recognition proteins attaches to the ends, which stops 
further damage and trim the ends, before rejoining. This results in deletion of the trimmed 
DNA sequence. During cell cycle normal chromosome rearrangements may occur and this 
requires double strand break. Because of this, the cell can facilitate error-free repair. 
Homologous recombination (Figure 2.10(B)) uses the sister chromatides as complementary 
strand. Proteins binds to the strand ends to stop further damage, and one strand is trimmed, in 
order to expose single stranded DNA for strand recognition with the sister chromatid. Strand 
invasion between the two chromatids occur and new DNA is synthesised on the damaged 
chromatid (Griffiths et al., 2008).    
 
Figure 2.10 Repair of double strand breaks. (A) Nonhomologous end joining; (B) Homologous recombination 
(Alberts et al., 2008). 
In a study on chronic radiation of earth worms it was shown that 9-12 weeks after stop of 
cocoon hatching due to an accumulated dose of 20 Gy, the hatchability was fully restored 
(Oughton et al., 2012). Sugg et al.. (1996) examined catfish (Ictalurus punctatus) exposed to 
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natural radiation in a Chernobyl channel and found an increased number of DNA strand 
breaks compared to the control, but not an increased number of micronuclei, suggesting that 
the majority of strand breaks are repaired before segments of DNA can be lost.  
These studies indicate quite a remarkable ability for cells to repair. 
2.2.3. Radiation Effect on the Ecosystem 
Cell death and mutations can cause disease, sterilization and death in an organism, but how 
this affects a population or community is hard to asses. The first global interest in 
radionuclide transfer, accumulation and effect on ecosystems was in 1954, when testing the 
hydrogen bomb. The radioactive isotopes were traceable and hence possible to link with 
changes in organisms and communities (Woodwell, 1967). Woodwell (1967, 1982) 
conducted a large experimental setup in a natural forest ecosystem to investigate the long 
term consequence of a nuclear war. His findings were very similar to what was observed 
around Chernobyl after the accident, but Woodwell (1967, 1982) was missing an important 
physical factor: the biological properties of radionuclides. Because of this, the consequences 
of redistribution and accumulation were not accounted for. Redistribution can cause the 
formation of hot and cold spots and consequently increase or decrease the radiation dose in 
areas, an important factor for organism survival. It is much the same dilemma if the 
radioactive nuclides accumulate up trophic levels, causing higher exposure in predators, than 
in prey. This has been shown for fish from the Chernobyl reservoirs, where the internal dose 
was three orders higher than the surrounding water body (Gudkov et al., 2012). 
Consequences for Organisms, Populations and Communities 
Like on the cellular level, radiation has major implications on the organism level. For an 
organism to be exposed to a radiation hot spot – acute exposure – the cell malfunction and 
death could be manifested in a variety of symptoms. Based on mammalian studies 
lymphocytes, erythroblasts and epidermal cells are generally the most radiosensitive, so the 
immediate consequence would be a failing immune system, bleeding and diarrhea. 
Depending on the dose, the organism might recover (Saha, 2013).  Studies have shown 
similar results for insects: the midgut is more radiosensitive than e.g. the nervous system, 
which in mammals is resistant as well (Riemann and Flint, 1966, Ducoff, 1972). Sensitivity 
of the immune system has the secondary effect that organisms can become more susceptible 
to infections, which was observed for the animal and plant life in the Chernobyl exclusion 
zone (Geras'kin et al., 2008). This consequence of radiation can possibly be just as hazardous 
as the ionization itself.  
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Spermatogonia and ovarian follicles are also very sensitive to radiation, which can cause 
temporary or permanent sterility depending on dose, sex and species (Saha, 2013). Sterility 
would have a major impact on a population. Hinton et al.. (2012) examined reproductive 
success in relation to chronic low dose radiation in earth worms and found it impossible to 
populate the highest dose rate group (221 mGy/d), because of reduced egg hatching. 
Radiation does not necessarily cause full sterility, but can impair the reproductive system. 
This has been seen in barn swallows (Hirundo rustica) from Chernobyl, which had a 
significantly higher level of abnormal sperm, compared to the control (Møller et al., 2005). 
Furthermore, morphological changes can also have an impact on reproduction. An increased 
asymmetry in the horns of stag beetles (Lucanus cervus) (Møller, 2002) and in the tail 
feathers of barn swallows (Møller, 1993) have shown reduced mating success in the 
Chernobyl area. It is thus clear that radiation poses an environmental pressure, which can 
cause death of organisms in a community.  
Long term effects of acute or chronic low-dose exposure – for example by cold spots or an 
even radiation pattern – are more likely to cause accumulation of mutations. Just as for the 
cell level, mutations can have several consequences and the most known of these are 
probably carcinogenesis (Saha, 2013), but because of the time factor in carcinogenesis, other 
endpoints might be more important for non-human organisms. For example chromosome 
rearrangements occurring in the photosynthetic tissue of a plant, it would impair both growth 
and reproduction, if not cause death due to lack of energy. On the other hand a mutation in a 
growth gene might cause gigantism of leaves, which could be energetically beneficial for the 
plant. Mutations with both of these endpoints have been shown in the area around the 
Chernobyl power plant (Figure 2.11) (Geras'kin et al., 2008).  
 
Figure 2.11 Enhancement of vegetative growth and gigantism in conifer from Chernobyl, 1991 (Chernobyl Forum 
Expert Group 'Environment', 2006). 
Page 32 of 75 
Studies from the Chernobyl area have also shown an increased genetic diversity just after 
the accident, due to radiations mutagenic nature it induces variation. But as mentioned, it is 
also an environmental stressor, which selects for radioresistance (Geras'kin et al., 2008). 
Radiationresistance is observed both within and between species. Figure 2.12 shows that the 
acute lethal dose can vary with several folds.  
 
Figure 2.12 A comparison of radiosensitivity among groups of organisms (Newman and Unger, 2003) 
This difference between species poses a possible intercompetition scenario, where 
radioresistant species outcompete less resistant ones. Figure 2.12 compares organism groups, 
but as illustrated by the bars, high variation also occurs within these. A large experimental 
setup during the 1960’s in USA showed this in a natural setting. A 137Cs source emitted 
chronic radiation to a natural forest ecosystem, and due to the exponential drop of activity 
with distance, a gradient was created with doses between 10 Sv/d 10 meters from the source 
to 0.001 Sv/d at about 125 meters away. The experiment continued for 15 years, but already 
after a year the plant pattern was described by Woodwell (1965). He observed a clear 
zonation in vegetation: 
Vegetation Dirt and lichens + Grasses + Shrubs + Oak forest + Pine forest 
Sv/day 10-0.4 0.4-0.17 0.17-0.07 0.07-0.02 0.02-0.007 
Meters from 
137
Cs <15 15~23 23~33 33~50 50~150 
 
The diversity fell drastically with dose, as a consequence of eradication of radiosensitive 
species. Grasses – radioresistant – expanded quickly to cover 20 % of the area, occupying the 
free space. Woodwell (1965) compared the gradient to that of the decent from a mountain 
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top, another ecosystem under high environmental pressure. The same diversity/radiation 
gradient was shown after the Chernobyl accident, where species diversity fell, but abundance 
of the remaining organisms increased (Geras'kin et al., 2008). A disturbance like this can 
have extensive consequences for the community. Geras’kin and co-workers (2008) 
categorized and listed them as below: 
1. 
Changes in microclimate 
and soil conditions 
 
Death or deterioration of radiosensitive species free up space and 
increase light. Dead organic matter increases and results in more 
microbial activity. 
2. 
Disturbance of 
synchronized seasonal 
phases 
 
Impairment of normal growth and reproduction cycles disturbs 
resource availability for dependent species and thus upsets 
survival of e.g. progeny. 
3. 
Imbalance of producers 
and consumers 
 Decreased resources due to lethality. 
4. Changed diversity  The biological pressure selects for radioresistant species.                 
5. 
Change in community 
structure 
 
Radiation induced lethality makes space for immigration of new 
species. 
Population Adaptations 
Like ROS is a natural consequence of cellular metabolism, environmental pressure is a 
natural condition for populations. Similar to cells, populations are able to handle the harmful 
effects of radiation. Mutations, for example caused by radiation, are heritable effects which 
are selected for by an environmental pressure, which also could be radiation. In this way, the  
best fit genotype in a population will enable survival of the species  (Bickham and Smolen, 
1994). 
Generally, extreme conditions over a prolonged period can change physiological processes 
in order to accommodate the increased stress (Chankova and Nadezda, 2012). These 
adaptations can be transferred and even optimized on a generational scale. This has been 
shown in plants from the Chernobyl area, where young generations showed higher resistance 
to induced mutagens than their parental generation (Kovalchuk et al., 2004). Adaptations can 
thus develop both in the individual organism and over generations in a population. 
Traditionally, generational adaptations have been connected with selection for the fittest 
genotype, but populations can also handle environmental stress by epigenomic changes. 
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These can, like the genomic code, be transmitted from parent to offspring, but are much more 
plastic and rapid acting (Ilnytskyy et al., 2012). 
It can be hard to determine whether the adaptations are genetic or epigenetic, because the 
usual measure is either survival capacity or protein production. If the link between adaptation 
and cause should be formed, genome/protein sequence and/or methylation pattern are needed. 
In a study by Kovalchuk et al.. (2003) such a link was made: Genome hypermethylation in 
scot pine (Pinus sylvestris) – a very radiosensitive species – seemed to be dependent on 
absorbed dose in Chernobyl. Hypermethylation, a classic epigenomic measure, makes the 
DNA denser and can thus stabilize DNA in a very reactive environment. This could increase 
genome stability and reshuffling of hereditary material. Since radiation has been shown to 
cause hypomethylation of DNA, consequently destabilizing it, an adaptation towards 
hypermethylation seems like a successful protection (Aypar et al., 2011). 
Less distinct links between adaptation and cause have been shown several times. Up 
regulation of the protective molecules and processes, which protects the cell from radiation, 
is a well used measure for a mode of action. This could be antioxidant capacity, in order to 
limit the damaging effect of ROS (Zelena et al., 2005, Bonisoli-Alquati et al., 2010a) or 
repair mechanisms which would minimize mutations and cell death (Chankova and Yurina, 
2012). Another adaptation could be up regulation of cell production which would counteract 
cell death. This could for example sustain the immune system in the case of lymphocytes,  
which would reduce the risk of diseases (Gudkov et al., 2012). 
Besides the above mentioned modes of action for adaptation, organisms can also change 
their behavioural pattern. Organisms which predominantly have asexual reproduction can 
switch to sexual in order to obtain genemixing and thus high genetic diversity. Tsytsugina 
and Polikarpov (2003) showed this for three oligochaeta species living in a Chernobyl 
reservoir. Here cytogenetic damage was correlated with individuals switching to sexual 
reproduction. Genemixing will also occur when immigrating populations mate with native 
populations of irradiated areas (Baker et al., 2001). Mixing of genes will sustain genetic 
diversity in a system with high natural selection, and species with sexual reproduction are 
thus more adaptable to radiation (Geras'kin et al., 2008).  
The comparability of the cellular- and population level are quite significant. They both 
sustain damage from radiation and have evolved mechanisms to survive it. In a multicellular 
organism, the single cell is less important for the organism. In the same way, a single 
individual is less important for a population or species. Because of this, the survival of a 
population is possible, in spite of a strong environmental stressor like radiation.  
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2.3. The Chernobyl Ecosystem 
After the accident, the ecosystem around Chernobyl nuclear power plant constituted a 
massive natural laboratory for studying radioactivity’s effect on biological systems. Here 
bioaccumulation, transfer and external and internal radiation was accounted for. During the 
last 25 years these natural processes have been included in radiobiology studies, so to clarify 
radioactive contamination’s actual effect on biota (Sugg et al., 1996, Chesser et al., 2000, 
Matson et al., 2000, Chernobyl Forum Expert Group 'Environment', 2006, Bonisoli-Alquati 
et al., 2010a) 
The contamination spread very heterogeneous in the ecosystem (see ‘Radioactive 
Contamination from the Chernobyl Accident’) and had extensive effect on the biota, which 
became very vivid in the months following the explosion. Close to the power plant pine forest 
(Pinus sylvestris) was exposed to a large amount of dry precipitation, that lead to rapid loss of 
needles and subsequently death (Chernobyl Forum Expert Group 'Environment', 2006). This 
left the trees of approximately 400 hectares (Sokolov et al., 1993) in a brown-reddish colour: 
an area known as the Red Forest (Figure 2.13) (Chernobyl Forum Expert Group 
'Environment', 2006). 
 
Figure 2.13 The Red Forest, with the Chernobyl nuclear power plant in the background. A outline of how the 
radioactive cloud spread after the explosion is clear to the left of the picture, where green and red trees noticeably is 
separated (Texas Tech University, 2001). 
As Woodwell (1965) showed for the experimental plot in America, a zonation in 
vegetation also occurred in Chernobyl: The red forest was in the first zone of lethal effects, 
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where the absorbed dose for pine trees where 60 – 100 Gy (Geras'kin et al., 2008), at dose 
rates exceeding 20 Gy/d. In the second zone of sublethal effects the absorbed dose was 30-40 
Gy, and pines showed substantial growth depression and young shoots had abnormal, 
gigantic structures (Figure 2.14) (Sokolov et al., 1993). Also, there was a stop of seed 
production for up to 7 years (Geras'kin et al., 2008). In 1987 – 1988 gigantism of needle and 
shoots declined, while shoot production went up (Sokolov et al., 1993). 
 
Figure 2.14 Abnormalities in the shoots of pine (Pinus silvestris) (A) and spruce (Picea excelsa) (B) from the 
Chernobyl exclusion zone, 1986-1987 (Yablokov and Nesterenko, 2009). 
Where the radiation exposure was very hard on the conifers, the deciduous trees, which 
mostly consisted of birch (Betula pendula), aspen (Populus tremula), black alder (Alnus 
glutinosa) and oak (Quercus robur) was much more radioresistant (Geras'kin et al., 2008). In 
the lethal zone young shoots of birches partially die off and during the second contamination 
phase – summer and autumn – there was a mass leaf yellowing and necrosis in individual 
branches. Already the next year trees were flowering, though abnormal growth was recorded. 
In 1988 birches regained their normal foliage (Sokolov et al., 1993). The radioactive damage 
of deciduous trees in the sublethal zone regenerated surprisingly fast: A year after the 
accident, foliage had returned, but there was still abnormal growth and decreased 
reproduction potential. Even though there was no obvious signs of mass mortality (Sokolov et 
al., 1993), the contamination still affected developmental processes of trees at least 10 years 
after the accident (Geras'kin et al., 2008). 
For vertebrates the majority of studies on the immediate consequences originate from 
laboratories or veterinarians. For example, the mortality of laboratory mice (Mus musculus) 
and rats (Rattus norvegius) kept within the exclusion zone after the accident increased 
significantly. Furthermore, sexually active male rats demonstrated suppressed sexual 
motivation and erection. Furthermore, reproductive abnormalities have been seen in most 
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domesticated animals. For wild populations the data is more scarce, but a five-fold decrease 
in the population of murine species occurred by September 1986, and an increase of embryo 
mortality was recorded over 22 generations for bank vole (Clethrionomys glareolus) 
(Yablokov et al., 2009). These changes in population structure and reproduction of wild 
populations were not as obvious as for vegetation, like the Red Forest. Contrary to 
radioactivity’s established hazardous effect, both diversity and abundance of animals 
increased in the exclusion zone the following years after the accident. This was due to 
another factor which cannot be accounted for in cellular, population or even in Woodweel’s 
community experiment: removal of a strong environmental pressure, humans (Sokolov et al., 
1993). Prior to the accident more than 200,000 people lived within the exclusion zone (The 
Chernobyl Forum, 2005) and in the evacuation, they brought domestic animals with them, 
and left behind seeded crops. Furthermore, environmental stressors such as forestry, hunting, 
fishing, ect. disappeared. Thus, both intra- and inter-competition decreased for the wild 
animals and this favoured the remaining environment. In the years following 1986, the 
population of virtually all mammals and birds went up to varying extend. Some, like roe deer, 
only had a small degree of population increase, where for example wild boar in 1988 had 
increased eightfold (Chernobyl Forum Expert Group 'Environment', 2006, Geras'kin et al., 
2008).  
Yet, the hazardous effect of radiation still persisted and was observed on a cellular level: 
An increased embryonic mortality and chromosome aberrations of bank vole (Clethrionomys 
glareolus) was reported in 1986 (Sokolov et al., 1993, Geras'kin et al., 2008). Tundra vole 
(Microtus oeconomus) showed changes in red and white blood cells, as well as internal 
organs (Geras'kin et al., 2008). In spite of these internal effects of the radiation the population 
kept rising (Sokolov et al., 1993). 
Even though invertebrates, and especially insects, are considered radioresistent 
(International Advisory Commettee, 1991), populations did not rise for this group. The 
accident occurred at a critical time in the invertebrate life phase, namely during reproduction 
and moulting. This resulted in a population reduction of a factor 20-30, depending on dose 
(29-9 Gy). This drop was not restored until 2.5 years after the accident, due to a relative slow 
migration. Species diversity decreased to a greater extent than population abundance and was 
also reestablished slower. Only 80 % of the diversity was restored after 10 years (Geras'kin et 
al., 2008). 
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2.3.1. The Environment Today 
Only a percentage of the radionuclides released during the accident persist today, but due to 
the massive outlet, radiation is still high in Chernobyl (Figure 2.15). This continuously 
induces genetic damage and poses an environmental pressure on the organisms living in the 
area (Chernobyl Forum Expert Group 'Environment', 2006). 
 
Figure 2.15 Contamination of the Chernobyl area from 10
th
 of May 2006. Caesium-137 is pictured in the left side and 
strontium-90 in the rigth side (ICRIN, 2010). 
In spite of the hazardous effect of elevated radiation, the exclusion zone today are high in 
biodiversity and abundance (Baker and Chesser, 2000). More than 400 vertebrate species 
have been registered in the area, including 50 listed in the Ukrainian and European Red 
Books of protected animals (Chernobyl Forum Expert Group 'Environment', 2006).  
Exclusion of the human stressor have left a virtual wild life preserve (Baker and Chesser, 
2000). Immigration has been a big contributor to this diversity of the exclusion zone, both by 
addition of new species and by facilitating genemix and thus, minimizing lethal mutations 
(Geras'kin et al., 2008). 
This thriving to the naked eye does not reveal the genetic consequence of radiation. Noted 
earlier, death of an individual is of no concern to a population, and it is therefore difficult to 
observe whether the dynamic ecosystem is due to continuous immigration into available 
niches and subsequent death, or due to adaptations. It is possible that the area functions as a 
population sink, depleting excess abundance of the neighbouring populations. A self-
sustaining population would be dependent on survival to the reproductive life stage and the 
ability to reproduce (Møller and Mousseau, 2006). There is still a high level of mutagenesis 
in the area, which would have a negative impact on reproduction, but whether it is severe 
enough is hard to estimate (Geras'kin et al., 2008). One study has shown a significant 
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decrease in reproduction potential of barn swallows (Hirundo rustica), and a higher 
immigration rate into the Chernobyl area, than into control areas, suggesting a population 
sink (Møller and Mousseau, 2006). Another study showed adaptation to the high radiation 
level of pine trees (Pinus silvestris) and sustained reproduction potential (Kovalchuk et al., 
2003). Furthermore, introduction of endangered wild horses (Equus ferus) to the exclusion 
zone resulted in doubling of the population within six years. (Chernobyl Forum Expert Group 
'Environment', 2006). Due to the introduction, no further immigration could occur for this 
population.  
Whether species in the exclusion zone are adapting or a population sink is occurring, 
depends on the species biology, such as immigration potential, habitat preferences and life 
histories. It seems plausible that radiosensitive species with relatively high migration 
potential contribute to a population sink pool, whereas slow migrating species need to adapt 
in order to sustain (Geras'kin et al., 2008). The habitat of a species is determining for the 
radiation dose of the organism. Most of the radiation in Chernobyl is accumulated in the soil 
and thus soil dwelling species would be more exposed than for example birds. Møller and 
Mousseau (2009) showed a negative correlation between radiation and abundance of insects 
and spiders, which often spend a considerable time close to or in the soil at some life stage. 
Life history affects the accumulated dose in an organism, because species can differ in habitat 
during a life cycle. This can be due to yearly migration, as for some birds, or changes in niche 
preferences between juveniles and adults. For example, insect eggs and larvae develop in the 
soil, but often live their adult life above it. These developing stages are more sensitive to 
radiation than the adult stage (Geras'kin et al., 2008, Møller and Mousseau, 2009).  
2.3.2. Specific Species Biology: Grasshoppers 
To clarify the general health status of the Chernobyl ecosystem, a bioindicator can be used to 
examine how radiation and specific species trait, like life history, affect the population. Since 
insects have differentiated life stages, a good example for this is the grasshopper (superfamily 
Acrididae, suborder Caelifera, order Orthoptera). The suborder Caelifera (Austin, 1967) and 
the Orthoptera order in general (Menhinick and Crossley, 1969, Willard and Cherry, 1975) 
have been shown to be radiosensitive under high, acute doses. Conversely, under low level 
chronic radiation conditions, as in Chernobyl, it has been suggested that the least specialised 
primeval genotypes are favoured during selection (Glazko and Glazko, 2011) and Orthoptera 
are perceived as one of the oldest living insect groups (Nielsen, 2000).  
Page 40 of 75 
Life History 
Insects are generally perceived as a relatively radioresistant group due to the low mitotic 
activity in the imago (International Advisory Commettee, 1991), but for Chernobyl, the 
accident occurred in spring, during egg hatching, which killed all young populations 
(Geras'kin et al., 2008). The high mitotic activity related to the egg and each moult, are 
vulnerable stages (Ducoff, 1972, Nation, 2008), so during chronic radiation, insects are much 
less resistant compared to acute doses, which is/was the common method for examining 
radiosensitivity (Riemann and Flint, 1966, Menhinick and Crossley, 1969, Willard and 
Cherry, 1975, Reinhardt et al., 1999).  
Grasshoppers go through incomplete metamorphism, where the development occurs 
through gradual changes with each life stage (instar). The eggs are laid late summer in the 
ground and over the winter they mature to hatch a pre-nymph in spring. As soon as the pre-
nymph is free of the egg and ground, it sheds its exoskeleton and starts its first nymphal 
instar. The nymphal instars are morphological similar to the adult (imago), just smaller and 
are lacking wings. With each moult the nymph grows and slowly develops wings until it 
reaches the imago stage. The number of nymphal instars is between four and six, but varies 
depending on species (Nielsen, 2000). This life cycle is yearly thus, approximately 23 
generations of grasshoppers have lived in Chernobyl after the accident, accounting for the 
earliest repopulation 2.5 years after the initial extinction of insects (Geras'kin et al., 2008).  
As a flying insect the grasshoppers have a good migration potential, but the travel distance 
is species-dependent. The locust (Schistocerca gregaria and Locusta migratoria), probably 
the most infamous in the Orthoptera order, are known to travel very long distances at one 
time, whereas others, like Chorthippus spp., only fly from turf to turf (Barrass, 1974, Holst, 
1986, Benton, 2012). Hence, it is possible that immigration to the Chernobyl area has taken 
longer than 2.5 generations for the grasshoppers. 
In spite of being a winged insect, grasshoppers spend a considerable amount of time close 
to the soil surface. Generally, they live in areas with low vegetation – often grass – with good 
sun exposure. But preferences for plant composition, humidity and heat can vary between 
species. E.g. many of the species within the genus Chorthippus genus prefer warm, dry and 
sandy locations (Figure 2.16), such as dunes, heaths and pastures, whereas Chorthippus 
apricarius specifically are found on more lush locations, like a meadow (Nielsen, 2000). 
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Figure 2.16 Bognæs outside Roskilde, Denmark. A warm, dry location with many grasshoppers within the 
Chorthippus genus. 
Because radiation still exists in Chernobyl today and due to the grasshoppers’ life history, 
the environmental pressure has been preserved from the first repopulation and through the 
following generations, until today. 
Physiology 
Physiology is also an important factor for how ionizing radiation affects a species. In a 
natural environment, like the Chernobyl exclusion zone, it is important to consider not only 
the external but also the internal exposure from radioactive isotopes, which can be taken up 
by respiration and ingestion. 
The respiratory system of a grasshopper is similar to that of other flying insects. Openings 
at the side (spiracles) leads air into the inner tubes (tracheal system), which distribute oxygen 
in the body. In grasshoppers the spiracles have closing and opening muscles which can 
conserve water and increase ventilation, respectively. The tracheal system extends through 
the hemocoel and collects around the internal organs. Dilation of trachea form air sacs which 
supplies a larger surface area to energy demanding areas, such as flight muscles. There is no 
secondary circulation from the respiration and thus the small airborne radioactive particles 
can diffuse directly from the tracheal system to the organs (Nation, 2008). The energy 
demanding areas, such as jumping legs and wings, are specifically susceptible to internal 
exposure through this route. Menhinick and Crossley (1969) observed a tendency for more 
active insects to be less radioresistant than inactive ones, which could suggest that these high 
metabolism areas are susceptible to radiation.  
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The digestive system of grasshoppers is divided into three guts: for-, mid- and hindgut, 
which functions are to digest, absorb nutrients and reabsorb water and salts, respectively 
(Figure 2.17). 
 
Figure 2.17 The digestive system of a grasshopper. Top: schematic drawing, including flow of fluids; food particles 
(pastel green), digestive enzymes (red), nutrients (green), urinary material (yellow) and water and salts (blue). 
Bottom: Photograph of Chorthippus biguttulus/Ch. brunneus. For-, mid- and hindgut are indicated by light green, 
green and dark green, respectively, on both top and bottom. 
The forgut grinds and digests food, and because it is very impermeable, little absorption 
takes place here, therefore it is not a site for accumulation of radioactive isotopes. As it is 
shown on Figure 2.17, this also means that digestive enzymes are excreted in the midgut and 
transported back to the crop, where the most substantial digestion takes place. From the crop 
the food enters the proventriculus where it is further grinded, before entering the midgut. 
Here a mucopolysaccharide layer filtrates large particles and pathogens in order to protect the 
epithelium, so only nutrients are absorbed though the microvilli. In spite of this protective 
layer, the epithelium of the midgut wears out quickly and must be replaced often. In the 
American cockroach (Periplaneta americana) this has been shown to take 40 to 120 hours 
(Nation, 2008). The rapid cell replacement makes the midgut a specifically sensitive site for 
radiation, which became very clear in a shielding study by Riemann and Flint (1966). Here 
radiation to the part anterior of the midgut in a Boll Weevil (Anthonomus grandis) caused no 
difference in mortality compared to the control, but full body radiation and radiation only to 
the posterior part caused 93 % and 82 % mortality, respectively, after 14 days and almost 100 
% after 21 days. The same has been shown for the desert locust (Locust schistocerca 
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gregaria), where all regenerative cells where destroyed after a dose of 50 Gy (Qureshi et al., 
1975). It has been shown that a disrupted midgut due to radiation can cause nutrition 
deprivation and leaking of digestive enzymes, food particles and pathogens into the body 
cavity, all of which could potentially be lethal (Ducoff, 1972). 
At the junction between mid- and hindgut, the Malpighian tubules are connected. These 
long, tubular structures extend into the hemocoel, where they filtrate the hemolymph and pass 
the primary urine to the hindgut. The hindgut then reabsorbs water and salts, both from the 
primary urine and the food particles from the midgut. Finally, undigested food particles and 
urinary material is excreted thought the rectrum (Nation, 2008). 
As Figure 2.17 illustrates, the mid- and hindgut are sites of absorption and it is from here 
radioactive isotopes can be taken up into the hemolymph. The hemolymph both stores and 
circulates nutrients to cells and tissues, as well functioning as the grasshopper’s immune 
system (Nation, 2008). Radioactive isotopes could thus accumulate in the hemolymph and 
increase the local dose or be redistributed to various tissues. However, it does not seem like 
an increased radiation dose would affect the immune system and cause increased risk of 
pathogens. The results are ambiguous, but in general radiation does not increase infections in 
adult insects, whereas it does in early instars. This is most likely due to a higher mitotic 
activity in developing insects, than in adults (Ducoff, 1972). 
Morphology 
When investigating ionizing radiation on a specific species, it is important to be able to 
distinguish species from one another. In the case of grasshoppers, this can be a hard task. 
Separating the two suborders of Orthoptera – Caelifera (grasshoppers) and Ensifera (crickets, 
katydids and bush crickets) is relatively easy. The general characteristics of a grasshopper 
(Figure 2.18) include short antennae, a saddle-like pronotum, 8-10 (♀, ♂) abdominal 
segments, tympanum (auditory) organ on the side of the first abdominal segment and two 
pairs of wings; forewings for stridulation and hindwings for flying. Females are normally 
larger than males, with short ovipositors (Holst, 1986).  
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Figure 2.18 External structure of a schematic grasshopper (Nielsen, 2000, Benton, 2012) and picture of Ch. 
brunneus/biguttulus. 
It can be harder to separate the genera from each other within the Caelifera suborder. The 
size of the grasshopper can vary greatly, like the male Chorthippus parallelus which can be 
as little as 1 cm (Holst, 1986), and the female Tropidacris cristatus which can grow to 15 cm 
(Preston-Mafham, 1992). Radiosensitivity and size have been shown to correlate to a certain 
degree for the insect class in general. Larger insects seem to be more radiosensitive than 
smaller ones, but this is not yet conclusive (Menhinick and Crossley, 1969, Willard and 
Cherry, 1975). The Northern grasshopper species are in the smaller size group e.g. is the 
genera within the subfamily Gomphocerinae – where Chorthippus spp. belongs – between 1-
3 cm. This makes size as a species-characteristic hard to apply. Instead, the forewing veins 
and size can be more useful. To illustrate this, Figure 2.19 compare a ‘schematic’ forewing 
with a forewing from the Chorthippus genus. A key feature for the Chorthippus spp. is a 
widening of the leading edge, separate cubitus-1 and -2 and a predominant costal area in 
males. From the figure, it is also clear that males and females can be different. There can be 
some exceptions to these key features within the genus (Holst, 1986). Shortening of the 
forewings have been associated with radiation in grasshoppers (Ch. albomarginatus) from 
Chernobyl (Beasley et al., 2012) and butterflies (Zizeeria maha) from the area around 
Fukushima Daiichi, Japan (Hiyama et al., 2012). This makes wing length an unreliable 
feature in keying. 
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Figure 2.19 Vein pattern in grasshopper forewing. Top: ‘schematic’ drawing including some of the essential veins. 
Bottom: Picture of a forewing from a male and female Ch. brunneus/biguttulus. 
In order to distinguish species within a genus, these small exceptions in wing morphology 
can be used together with the markings of the promotum and size of the tympanum. But some 
species can be so morphological alike that only the number of stridulatory pegs can separate 
them. This is for example the case for the males of Ch. brunneus and Ch. biguttulus, but not 
the females which are virtually inseparable (Holst, 1986). In such a case, the best way of 
separating the species is by their song. These can be very different, also between closely 
related species (Figure 2.20) (Nielsen, 2000).  
 
Figure 2.20 Oscillograms of the song from Chorthippus brunneus (top) and Chorthippus biguttulus (bottom). 
However, separation by song can be problematic in the field, because more than one 
species often is present (Nielsen, 2000). Linking a song pattern to a specific grasshopper and 
catching it can be difficult. Furthermore, since males sing more and louder than females 
(Nielsen, 2000), male would be over-represented in the group. Alternatively, song can be 
recorded after catchment and used for species determination. 
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3. Method 
To explain some of the essential decisions that have shaped the experimental setup, some 
introductions is included where extensive considerations have been done. A detailed method 
and materials list is available in 8. Appendix, page 70. 
3.1. Collection of Grasshoppers 
Danish grasshoppers were collected late August 2012 from grassy areas close to the coast, at 
Bognæs, north of Roskilde (Figure 3.1, 55° 41’ 5’’ N, 11° 59’ 40’’ E). Background radiation 
in this area was on average 0.04-0.05 µSv/h for 2011 (Miller, 2012). A total of 200 specimens 
were caught by the hand-and-plastic-cup-method and collected in containers measuring 28 
cm × 17 cm × 16.5 cm and transported to Roskilde University. Species composition was very 
homogenus (Table 3.1). 
 
Figure 3.1 Collection location of the Danish grasshoppers (Google Earth, 2012). 
Ukrainian grasshoppers were collected early September 2011 within the exclusion zone of 
the Chernobyl power plant at several locations (Table 3.2 and Figure 3.2). Here species 
composition was heterogeneous (Table 3.1). Specimens were kept singled in AllProtect 
Tissue Regent (QIAGEN, Cat. No. 76405) in tubes and later shipped to Denmark. 
Table 3.1 Species composition of grasshoppers in Denmark and Chernobyl 
Species Denmark Chernobyl 
Ch. biguttulus/brunneus 95 % 65 % 
Ch. vagans - 25 % 
Om. viridulus - 5 % 
Ch. apricarius - 3 % 
Ch. ablomarginatus 5 % 2 % 
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Table 3.2 Locations for collection of grasshoppers in Chernobyl, the respective doses at the area (µSv/h) and the total 
doses recieved in the area over 5 months. Numbers correspond to the map on Figure 3.2. 
Site No. on 
map 
Location Background dose  
µSv/h        mSv (5 mth) 
Vesniane 1 51° 18’ 34’’ N 29° 37’ 93’’ E 4.5 16.2 
Buri 2 51° 22’ 89’’ N 29° 54’ 73’’ E 3.1 11.16 
Novo 3 51° 22’ 85’’ N 29° 59’ 45’’ E 27 97.2 
Red#4 4 51° 23’ 12’’ N 30° 02’ 44’’ E 100 360 
Prypiat 5 51° 24’ 67’’ N 30° 02’ 34’’ E 0.8 2.88 
Fish 6 51° 22’ 58’’ N 30° 08’ 39’’ E 3 10.8 
Red#1 7 51° 23’ 10’’ N 30° 02’ 43’’ E 33 118.8 
Red#2 8 51° 23’ 16’’ N 30° 03’ 37’’ E 17 61.2 
Power Line 9 51° 22’ 54’’ N 30° 03’ 35’’ E 15 54 
Bobor 10 51° 09’ 29’’ N 29° 32’ 42’’ E 1.6 5.76 
 
 
Figure 3.2 Collection locations of grasshoppers in the Chernobyl exclusion zone. Numbers correspond to Table 3.2 
(Google Earth, 2012). 
3.2. Keeping Grasshoppers 
Danish grasshoppers were transferred from the collection boxes to three larger cages (34 cm 
× 19 cm × 21.5 cm) either by regular catching or, when the grasshoppers were very active, 
after a quick cool down of 5 min at -18° C. The lids were composed of mosquito nets with a 
stocking, which functioned as the opening to the cage (Figure 3.3). Each of the three cages 
contained 50 grasshoppers. 
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Before and after treatment, grasshoppers were supplied with freshly picked grass from the 
area around Roskilde University and a pertidish with ecological oats. The grass was changed 
every day or every second day, except over the weekend. In order to keep it fresh longer, the 
grass was wrapped around the bottom with wet tissue. The oats was changed every week. 
Water was applied though a sponge connected to a closed water container and was also 
changed every week.  Furthermore, a petridish with sandy earth was placed in the cages, for 
egg laying. During the irradiation of grasshoppers, when it was not possible to tend to them, 
fresh grass was replaced with potted, grown in the lab (45 % Lolium prerenne, 45 % Festuca 
rubia rubia, 10 % Poa pratenis conny). 
 
Figure 3.3 Left: Cage holding fifty grasshoppers, ready to be irradiated for four days. Right: Cage containing 
approximately twenty-five grasshoppers after irradiation, with freshly picked grass.  
During irradiation, light consisted of a normal ceiling lamp, which was constantly on. 
Before and after, light came from three office lamps  regulated though a timer, with a daily 
rhythm of 11 hours light. 
3.3. Irradiation of Grasshoppers 
The irradiated Danish grasshoppers had two functions:  
1) Control for the untreated Danish grasshoppers, in order to observe whether or not the 
irradiation had an influence on level of DNA damage. 
2) Control for the Chernobyl grasshoppers: If the chronic exposed Chernobyl population 
had a lower level of DNA damage than the acutely exposed Danish population, it would 
indicate an adaptation for a defence mechanism against radiation. 
Due to limited time, it was not possible to expose the Danish grasshoppers to the exact 
conditions that the Chernobyl population experienced. Grasshoppers from Chernobyl were 
exposed to a relatively small dose rate over several months, covering all life stages, which 
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resulted in a higher total dose. Danish grasshoppers were captured as imago, and due to a 
limited time period of 4 days – set by Risø NUK, who facilitated the irradiation – they could 
only be exposed as such for a short period of time. Therefore, it was only possible to replicate 
one of the radiation patterns from Chernobyl: either dose rate, yielding a low total dose; or 
total dose, yielding a high dose rate. From the literature it was suggested that the total dose 
was of higher importance than dose rate (Hinton et al., 2012) and for this reason the 
experimental dose was set according to an average total dose the Chernobyl grasshoppers had 
experienced.   
 
A 296 GBq Cs-137 isotope was chosen at Center for Nuclear Technologies, DTU Risø. 
Danish grasshoppers was exposed to gamma rays between 27
th
 and 31
st
 of August 2012, a 
total of 96 hours. The dose rate was 1.9 mSv/h, which resulted in a total dose of 178.8 mSv. 
After irradiation, some grasshoppers was removed and frozen down at -18° C, for later 
analysis of DNA damage. The remaining was kept for further study of mortality and DNA 
repair rate. 
3.3.1. Response to Radiation 
In order to estimate the response to radiation in the irradiated Danish grasshoppers, mortality, 
DNA repair and reproduction was studied. 
Mortality Rate 
After irradiation the grasshoppers were kept in order to determine mortality over time. The 
amount of dead grasshoppers were counted in both exposed and unexposed groups. Dead 
grasshoppers were removed during feeding and frozen down for later examination. 
DNA Repair 
Five live grasshoppers were removed each week, for four weeks. These were killed by 
freezing at -18° C. DNA damage was determined by ELISA. 
Reproduction 
Egg pods were estimated at the end of the experiment in order to give a indication of 
radiations effect of reproduction. 
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3.4. Dissection of Grasshoppers 
Certain precautions were taken while dealing with grasshoppers from Chernobyl, which were 
not necessary with the Danish specimens. These precautions were a 0.8 cm thick Plexiglas 
plate on the table where the dissection took place, a Geiger counter situated within 50 cm of 
the dissection, gloves and mouth mask were worn during the whole procedure, and 
registration of irradiation with a personal dosimeter. 
Before and in between dissection of each specimen scissors, forceps, probe and dissection 
plate were cleaned with ethanol. 
Each specimen was keyed, photographed and length of abdomen, thorax, wings, hind leg 
and total length was noted, before examination of internal physiology (Figure 3.4). 
Exoskeleton was discarded and intestines were rinsed for content before homogenization. 
Each specimen was divided in two: One for ELISA analysis and one for later protein or DNA 
analysis. 
 
Figure 3.4 Internal physiology of a female Ch. biguttulus/Ch. brunneus from Chernobyl preserved in AllProtect (top) 
and Denmark (bottom) photographed through a stereomagnifier (×1). Anterior end to the right. See Figure 2.17 for 
comparison. 
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3.5. Determination of 8-OH-dG 
3.5.1. DNA Isolation 
The homogenized samples were added 0.2 mg Protinase K and incubated over night at 55° C.  
Samples were then cooled to room temperature, before addition of 0.005 mg RNase, which 
incubated for 30min. Through separation, centrifugation and ethanol precipitation DNA was 
isolated and the remaining sample discarded. DNA was resuspended in TE buffer, pH 7.5, 
before DNA concentration and purity was determined with nanodrop. 
 
3.5.2. Positive Controls 
Positive controls were a control for the procedure making sure the ELISA measure was 
correct. These controls were randomly selected grasshoppers from both populations, which 
were subjected to highly reactive hydrogenperoxide in order to induce DNA damage. 
Hydrogenperoxide was added to the isolated DNA, reaction volume 1 %, before 
incubation 10 min. Catalase was added and incubated for a minimum of 10 min in order to 
decompose hydrogenperoxide. 
3.5.3. Hydrolysis 
In order to obtain nucleosides 0.9 unit DNase I and 1 unit alkaline phosphatase were added in 
turn. Each incubated for 30 min at 37° C. 
3.5.4. Enzyme-linked Immunosorbant Assay 
Determination of DNA damages was done with the commercial available ELISA kit 8-
hydroxy-2-deoxy Guanosine EIA Kit, StressMarq®. The procedures followed the 
StressMarq® kit protocol with some alternations. 
The supplied plate was precoated with goat anti-mouse IgG, which binds antibody-8-OH-
dG. The coated wells were added the following:  
1. 75 µl EIA buffer to Non-Specific Binding (NSB) well – a measure of how low the 
binding of the tracer was to the well, in the absence of specific antibody. 
2. 25 µl EIA buffer to Maximum Binding (B0) – maximum amount of the tracer that the 
antibody could bind in the absence of a sample 
3. 25 µl 8-OH-dG standard – the standard dilutions had a reading range of 10.3-3,000 pg 8-
OH-dG/ml 
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4. 25 µl sample – each sample was in three dilutions suitable for the specific DNA 
concentration. 
5. 50 µl 8-hydroxy-2-deoxy guanosine Acetylcholinesterase tracer (AChE tracer) – a 8-OH-
dG conjugate, which competed with 8-OH-dG in the sample for a limited amount of 
antibody  
6. 50 µl 8-hydroxy-2-deoxy guanosine monoclonal antibody (antibody) – connected 8-OH-
dG (tracer or sample) and the IgG coat of the plate. 
The plate incubated for 18 hours at 4° C. 
After washing of unbound reagents, 200 µl Ellmans reagent was added – this contained the 
substrate for AChE tracer, which yielded a yellow product (5-thio-2-nitrobenzoic acid). 
Plates were read by a micro plate reader at 415nm. 
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4. Results 
The hypothesis of this study builds on the established damaging effect of radiation on 
biological systems, and states that if the level of DNA damage of Chernobyl grasshoppers, 
equals that of Danish (control), and is less than that of irradiated Danish grasshopper, then the 
Chernobyl grasshoppers must have evolved a protective mechanism against radiation. In 
short, Chernobyl grasshoppers have adapted if DNA damage in grasshoppers from: 
Chernobyl = < Danish control 
Chernobyl < Danish irradiated 
All statistics are calculated in MYSTAT. 
4.1. Impact of Radiation on Chorthippus spp.  
The following concerns how acute radiation affects grasshoppers, which have not formerly 
been exposed. The results are based on the irradiated Danish grasshoppers – which received 
1.9 mSv/h, accumulating to a total dose of 178.8 mSv – and the unirradiated Danish 
grasshoppers – the natural control population. 
4.1.1. Cellular Level 
8-OH-dG was measured in order to examine to what extent radiation caused DNA damage in 
grasshoppers. There was no significant difference in the level of DNA damage between 
exposed and control grasshoppers (ANOVA, p = 0.61) (control and 0 days in Figure 4.1). All 
treatments in the recovery period following the radiation (7-28 days in Figure 4.1) also 
showed the same level of DNA damage between each other. The control, 0 and 7 days post-
irradiation treatments had significantly less DNA damage than the positive control (control: p 
= 0.002; 0 days: p = 0.005; 7 days: p = 0.046), where the treatments 14, 21 and 28 days post-
irradiation did not show this difference (14 days: p = 0.09; 21 days: p = 0.77; 28 days: p = 
0.24). 
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Figure 4.1 Effect of radiation on Danish Chorthippus spp., measured by DNA damage (pg 8-OH-dG/ng DNA). 
Control: unexposed Danish grasshoppers; 0 days: grasshoppers which had been removed immediately after exposure 
with 178.8 mSv over 4 days; 7-28 days: grasshoppers removed 7, 14, 21 and 28 days post-irradiation; positive control: 
induction of samples with a DNA damaging agent. Error bars show standard deviation. Significant differences: 
control-positive control (p = 0.002); 0 days-positive control (p = 0.005); 7 days-positive control (p = 0.05). 
4.1.2. Organism Level 
Immediately after the 4 days of exposure, mortality for the irradiated and control 
grasshoppers were 18 % and 4 %, respectively. After irradiation the grasshoppers was kept in 
order to record mortality rate (Figure 4.2).  In spite of a difference of almost 1 death/day 
between the two treatments (Table 4.1), no difference in slope was detected (Least squares, p 
= 0.33).  
 
Figure 4.2 Survival of Danish Chorthippus spp. after being exposed to 178.8 mSV over a 4 day period. No significant 
difference between the slopes (p = 0.33) 
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For the irradiated grasshoppers there was a significant difference in mortality rate between 
males and females (p = 0.005), where males died quicker than females (Figure 4.3).  
 
Figure 4.3 Survival of Danish male and female Chorthippus spp. after being exposed to 178.8 mSV over a 4 day 
period. Male grasshoppers died significantly faster than females (p = 0.005) 
At the end of the experiment the number of egg pods was estimated in the two treatments 
and this suggested that irradiated grasshoppers produced 1 egg pod/female less than the 
control (Table 4.1). 
Table 4.1 Organism response of Chorthippus spp. to 4 days of radioactive exposure. 
 Irradiated Control 
Mortality after 4 days 18.3 % 4 % 
 Subsequent mortality rate 2.2 deaths/day 1.4 deaths/day 
 Males 4.8 deaths/day - 
 Females 2.3 deaths/day - 
Egg pods pr female 0.52 1.7 
 
These results suggests that 178.8 mSv received over 4 days do not have a prolonged effect 
on Chorthippus spp. They do however show a tendency for male and female grasshoppers to 
respond differently to irradiation. 
4.2. Adaptation of Chorthippus spp. to Chronic, Low Level Radiation 
The following regards the adaptation of grasshoppers to elevated radioactivity. These results 
are based on Chernobyl, unexposed control and exposed Danish grasshoppers. In the 
morphological comparison, exposed and unexposed Danish grasshoppers were pooled (age to 
medio Sepember correlated with size: Zero-correlation, males, p=0.38; females p=0.143). 
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4.2.1. Cellular Level 
The Chernobyl grasshoppers were collected at different locations with varying radiation 
(Figure 3.2, Table 3.2), but there was no correlation between dose and DNA damage (Figure 
4.4). 
 
Figure 4.4 Comparison between DNA damage in Chernobyl Chorthippus spp. and radiation. No correlation (Zero-
correlation: p = 0.166). 
Because of this it was possible to group all the grasshoppers from Chernobyl together and 
compare the DNA damage with that of the Danish grasshoppers (Figure 4.5). There was a 
tendency for Chernobyl grasshoppers to have less DNA damage than the Danish control 
(ANOVA, p = 0.06) and the chronically exposed Chernobyl grasshoppers had significantly 
less DNA damage than the acutely irradiated Danish grasshoppers (p = 0.012). As mentioned, 
there was no difference between the Danish control and irradiated (p = 0.69) thus, it is 
relevant to compare DNA damage of Chernobyl grasshoppers with the total Danish 
population, hence control and irradiated grouped together. For this there was also a 
significant difference (p = 0.02). 
Chernobyl = < Danish control  p = 0.06 
Chernobyl < Danish irradiated  p = 0.012 
Chernobyl < Danish total  p = 0.02 
All four groups had significantly less DNA damage than the positive control (Chernobyl: p 
= 0.00; DK control: p = 0.005; DK irradiated: p = 0.005, DK total: p = 0.0) 
0.0000 
0.0005 
0.0010 
0.0015 
0.0020 
0.0025 
0.0030 
0.0035 
0.0040 
0.0045 
0.0050 
0 20 40 60 80 100 120 
D
N
A
 d
am
ag
e
 (
p
g 
8
-O
H
-d
G
/n
g 
D
N
A
) 
Background radiation (µSv/h)  
DNA damage in Chernobyl grasshoppers 
Compared to Radiation  
Page 57 of 75 
 
Figure 4.5 DNA damage in Chorthippus sp. from Chernobyl and Denmark (pg 8-OH-dG/ng DNA). DK control:  
unexposed grasshoppers; DK irradiated: grasshoppers exposed to 178.8 mSv over a 4 day period; DK total: control 
and irradiated grouped together; positive control: induction of samples with a DNA damaging agent. Error bars 
indicate standard deviation. Significant difference between all treatments and the positive control (Chernobyl: p = 
0.00; DK control: p = 0.005; DK irradiated: p = 0.005, DK total: p = 0.0), and between Chernobyl and DK irradiated 
(p = 0.012) and Chernobyl and DK total (p = 0.02). Trend between Chernobyl and DK control (p = 0.06). 
There was a trend towards Danish female grasshoppers to have more DNA damage than 
the males (control: p = 0.02; irradiated: p = 0.1; Kruskal-Wallis, total: p = 0.005). This was 
not the case for the Chernobyl grasshoppers (ANOVA, p = 0.2). For the positive control, 
DNA damage had been induced equally between males and females (Kruskal-Wallis, p = 
0.39) (Figure 4.6). 
 
Figure 4.6 DNA damage in male and female Chorthippus spp (pg 8-OH-dG/ng DNA). Chernobyl (p = 0.2); DK 
control:  unexposed grasshoppers (p =0.02); DK irradiated: grasshoppers exposed to 178.8 mSv over a 4 day period 
(p = 0.1); DK total: control and irradiated grouped together (p = 0.005); positive control: induction of samples with a 
DNA damaging agent (p = 0.39). Error bars indicate standard deviation.  
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4.2.2. Organism Level 
Morphologically, the Danish population had longer forewings relative to body size, than the 
Chernobyl population (ANCOVA, p = 0.0), and the females showed a trend towards longer 
hind legs relative to body size (p = 0.08), which males did not (p = 0.55). Males of the 
Chernobyl population had longer bodies than the Danish population (ANOVA, p = 0.02). The 
females did not show this difference (p = 0.12). 
 
Figure 4.7 Morphological differences of Chorthippus spp. populations in Chernobyl and Denmark. Error bars 
indicate standard deviation. The DK had significant longer forewings (p = 0.0) and the females showed a trend 
towards longer hind legs (p = 0.08), which the males did not (p = 0.55). Chernobyl males had significantly longer 
bodies (p = 0.023).   
These results suggest that the Chernobyl population have adapted protective mechanisms 
in order to protect DNA from oxidative stress.  
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5. Discussion 
The aim of this study was to examine whether organisms from Chernobyl had adapted to the 
elevated level of radioactivity. With Chorthippus spp. as a model organism, the DNA damage 
8-OH-dG was used as the measure of adaptation: If no adaptation occurred, it was assumed 
that grasshoppers from Chernobyl would have more DNA damage than a control population, 
which had not been exposed to radiation. Contrary, if they had adapted, Chernobyl 
grasshoppers would have equal amount of DNA damage as the unexposed control population. 
Furthermore, a population not formerly exposed to radiation, and thus with no adaptation 
time, was included as a measure for whether grasshoppers sustained DNA damage from 
radiation. When compared to the Chernobyl population, the acutely radiated grasshoppers 
were expected to have more DNA damage than the unexposed Danish grasshoppers and the 
chronically exposed Chernobyl grasshoppers. 
5.1. Impact of Radiation on Chorthippus spp.  
The Danish population was exposed to 178.8 mSv over 4 days, a dose chosen on the basis of 
the dose Chernobyl grasshoppers received from hatching to catching. Both on a cellular and 
organism level, the exposure did not have an impact, although, there was a trend for 
increasing DNA damage over time. This trend was observed in a significant difference 
between the unexposed, exposed and 7 days post-irradiation treatments, compared to the 
positive control. 14, 21 and 28 days post-irradiation treatments did not show this significance. 
This could point towards an increase in DNA damage, possibly due to error prone repair of 
double strand breaks (Gordenin, 2012), but further testing is needed to confirm this. 
However, it can be confirmed that no BER and NER repair pathways significantly occurred 
during this period. 
There was no difference in mortality rates between the treatments, but a significant 
difference was observed within the exposed population: males died quicker than females, in 
spite of females showing a trend towards more DNA damage and impaired reproduction 
potential. This contradiction can possible be explained by reduced reproduction in the 
females. Insects can exhibit proliferation after low level radiation (Ducoff, 1972). It is 
hypothesized that resources which normally go to egg production is redistributed to 
proliferation instead. Females genetically without ovaries normally live longer, and do not 
show this life increase after radiation (Ducoff, 1972). It is thus possible that the 178.8 mSv 
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dose was enough to decrease the reproduction potential of females, significantly increasing 
female life-expectancy compared to the males. 
Generally, the results showed that acute radiation of 178.8 mSv over 4 days did not have 
an impact on Chorthippus spp. Austin (1967) concluded that grasshoppers (L. migratoria 
migratorioides) are very sensitive compared to other insects, but 178.8 mSv is still a very low 
dose. Austin (1967) exposed adult locusts with short, single exposures and determined the 
LD50(30) to be 10.24±0.13 Sv, thus a dose 100 times larger than used in this study. This highly 
supports that 178.8 mSv did not have a noticeable impact on the Danish population. But as 
178.8 mSv was chosen from the average exposure in Chernobyl, it seems like the radiation 
level alone is harmless to the wild populations in the exclusion zone. However, there are two 
major problems of comparing laboratory experiments with field work: 1) exclusion of natural 
environmental pressure, and 2) exposure to only one life stage. Exclusion of environmental 
pressures gives an incorrect picture of how radiation affects a natural population. Laboratory 
studies are usually performed under optimal conditions for the model organism, excluding  
both inter- and intracompetition (Carlson, 1941, Krivolutsky, 1987, Reinhardt et al., 1999, 
Oughton et al., 2012). In a natural setting, these factors could turn adverse effects lethal, 
which it would not have been in the laboratory (Møller and Mousseau, 2011).  
Austin (1967), like many others (Riemann and Flint, 1966, Menhinick and Crossley, 1969, 
Willard and Cherry, 1975, Reinhardt et al., 1999) only examined the effect from acute 
exposures thus, the organism is only irradiated during one part of the life cycle. Due to 
specimen collection and species determination, this is often in the adult or sub-adult instar: 
The period where insects are most tolerant towards radiation. It is in the developmental 
phase, where growth and differentiation is high, that all insects are truly radiosensitive 
(Ducoff, 1972, Nation, 2008). A study by Hiyama et al.. (2012) showed this for butterflies 
(Zizeeria maha), which had been exposed to doses as low as 55 mSv (0.2 mSv/h) and 125 
mSv (0.32 mSv/h) in the larvae and pupae stage. Here, abnormal traits and reduced survival 
was significantly was correlated with dose.   
During chronic, low level radiation, like in Chernobyl, organisms are both under natural 
environmental pressure and exposed through a full life cycle, and thus would the level of 
radiation still influence grasshoppers, if they have not developed a resistance.  
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5.2. Adaptation of Chorthippus spp.  to Chronic, Low Level Radiation 
The Chernobyl specimens were collected at various sites with various background radiations, 
but there was no correlation between dose and DNA damage. It should, however, be 
considered that the background radiation is not necessarily the actual received dose. 
Grasshoppers could have accumulated radioisotopes thought ingestion and thus increase 
exposure internally (up to 95 % of total (Geras'kin et al., 2008)), or they could have migrated 
from less/more exposed areas. Due to the heterogeneous fall out after the accident and 
bioaccumulation of radioisotopes, radioactive hot spots would cause great variation in dose 
within short distances (Yablokov et al., 2009). The difference of DNA damage between 
males and females in the population can to some degree, suggest the level of internal 
radiation.  Matson et al.. (2000) showed that female bank voles (Clethrionomys glareolus) 
from Chernobyl had a significantly higher internal dose than males (males: 27,468 Bq/g; 
females: 37,425 Bq/g), likely due to females eating larger quantities of food in preparation for 
reproduction. This could be transferable to grasshoppers, where males generally spent more 
time on courting, than food consumption (Benton, 2012). Since there was no difference 
between DNA damage in male and female grasshoppers from the Chernobyl population, it is 
possible that the internal dose is of less importance for the total dose estimate. Because of 
this, and the virtually impossible task of determining exact received life time doses, 
background radiation was used as an estimate. Due to no correlation between background 
exposure and DNA damage, all grasshoppers from Chernobyl were pooled together for 
comparison with the Danish population. 
The Chernobyl population showed a tendency for less DNA damage than the unexposed 
Danish population, and had less than acutely irradiated Danish grasshoppers. This suggests 
that grasshoppers from Chernobyl have adapted to the elevated level of radioactivity. 
Because of the possible negligible effect 178.8 mSv on DNA damage, it might be more 
suitable to compare the Chernobyl grasshoppers with a grouped Danish population. In such a 
case, the Chernobyl population also had less DNA damage than the Danish, still supporting 
the hypothesis of adaptation to elevated radioactivity. 
The type of adaptations cannot be determined from these results, but it is likely that both 
epigenetic and genetic changes are involved. An epigenetic adaptation could be 
hypermethylation, which has been observed in organisms living in the exclusion zone 
(Kovalchuk et al., 2003). This would stabilize DNA in a very reactive environment and avoid 
strand break. Error prone repair of double strand break can affect the adjacent bases 
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(Gordenin, 2012) and this could prevent repair of oxidized nucleotides. Adaptations that 
could be both epigenetic and genetic are up regulation of enzymes and antioxidants, a process 
which also has been observed in Chernobyl (Zelena et al., 2005). Not yet observed (to my 
knowledge) is a mutation which optimizes enzymes, making them more efficient in e.g. DNA 
repair. However, this could be a likely adaptation, since high genetic diversity has been 
documented in the area (Matson et al., 2000). Whether it is epigenetic or genetic will 
influence the plasticity of the adaptation. The epigenome is rapid acting and has been shown 
to be induced by environment rather than heritage (Kovalchuk et al., 2003). Because of this, 
epigenetic changes can be an offset for survival in a contaminated area, where genetic 
changes cooperate to sustain this on an evolutionary time scale.   
The two populations did not only differ on a cellular level, but also morphologically. 
Danish grasshoppers had longer forewings, where the males from the Chernobyl population 
had longer bodies. Longer bodies and shorter wings in the Chernobyl population was also 
observed in  a study from Beasley et al.. (2012). They examined the second generation of the 
grasshopper Ch. albomarginatus from Chernobyl and found that greater parental radiation 
increased maturation time of offspring (measured as mould to imago), which in turn 
decreased wing to body size. This suggests that the decreased wing to body size in the 
Chernobyl population, compared to the Danish, is a consequence of longer maturation time, 
which sequentially is due to radioactive exposure. Organisms exposed to a strong 
environmental pressure are likely to allocate metabolic energy towards protestants on the cost 
of slower maturation processes (Beasley et al., 2012). However, this could in principle also 
slow down growth (Asshoff and Hattenschwiler, 2005), which was not the case in this study, 
rather the Chernobyl population showed a trend to be larger. This could be an indication of a 
cost-benefit equilibrium, where the physiological and hormonal processes involved in 
maturation have slowed down, on the cost of radioprotectants and maintaining body size. 
Body size can be of great importance for fitness in Orthopteran species. It has been shown 
that smaller males have more difficulty in obtaining mates due to a lower strangulation 
volume (Simmons, 1995), and produce less ejaculate, compared to the bigger males (Wedell, 
1997).  
The results suggest that grasshoppers from Chernobyl have adapted to the elevated level of 
radioactivity. However, the grasshoppers are collected from several sites, and it is possible 
that local metapopulations function as population sinks in radioactive hot spots, where 
development of eggs and nymphs would be impaired and create negative growth rate. 
Knowing whether a population sink occurs can be highly important for e.g. wild life 
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management. Introduction of an endangered species into a seemingly healthy ecosystem can 
have serious consequences, if the area actually functions as a sink. Though, the results 
support the theory that the grasshopper population of the Chernobyl exclusion zone as a 
whole, has evolved. Actually, based on the level of DNA damage, the grasshoppers seem 
even more efficient in their repair/protection system, than the Danish population. It has been 
suggested that contaminated areas, like Chernobyl, are hot spots for evolutionary processes 
(Bickham and Smolen, 1994). Contamination, such as radiation, places a massive 
environmental stress on organisms, and thus poses a much stronger selection pressure, than 
an uncontaminated area. In an area like Chernobyl, where this pressure has continued for 
more than 25 years – and 25 grasshopper generations – a continuous selection of the best fit 
individuals would occur. It is thus a strong evolutionary force. Furthermore, radioactivity also 
induces genetic diversity by elevated mutation rate, as seen after the recent nuclear accident 
in Japan, where the number of abnormalities in butterflies (Zizeeria maha) had accumulated 
from May (2 months after the accident) to September (Hiyama et al., 2012). These two 
factors playing together are likely to drive the evolution towards more radioresistant 
populations, and hopefully establish a more stable ecosystem in Chernobyl. This study 
suggests exactly that: If grasshoppers, and perhaps other insects, do not constitute a 
population sink in Chernobyl, they would bear the solid basis for a food chain. Grasshoppers 
are an important food source for small mammals, reptiles and birds (Nielsen, 2000) and a self 
sustaining population could sustain these predators. This would not only support the high 
biodiversity in the exclusion zone, but could also enrich the adjacent areas. Of course, this 
evolutionary drive is not without cost. Immigrating and non-adapted species have and will 
continuously go extinct. But as it looks now, the Chernobyl exclusion zone seems to be 
managing with the high level of contamination. Of course, the human factor plays a great part 
in this. The lack of humans, that is. Judging from the biodiversity and abundance before and 
after the accident, a level 7 radioactive catastrophe seems like the favoured option, next to the 
environmental stress posed by humans. 
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6. Conclusion and Future Prospects 
Grasshoppers from Chernobyl have a lower level of the oxidative DNA damage 8-OH-dG 
than acutely irradiated Danish grasshoppers, and a Danish population as a whole. This 
suggests that grasshoppers exposed to chronic, low level radiation in Chernobyl have adapted 
to the elevated radioactivity by developing a more efficient protective and/or repair 
mechanism to counteract the hazardous effect of radiation. This knowledge can be useful on 
several levels. It would be relevant to further examine how the level of DNA damage is 
suppressed. A genetic adaptation, caused by a mutation within a gene, could increase the 
activity or affinity of an enzyme involved in protecting DNA’s integrity. Such an optimized 
enzyme could be useful in for example cancer research or other areas where oxidative 
damage and mutagenesis are of concern. 
The findings are also relevant in relation to the recent nuclear power plant accident in 
Japan. It is still unclear how the radioactive material released from Fukushima Daiichi will 
affect the surrounding environment, but lessons from Chernobyl can help predict some of the 
dynamics of the ecosystem. At the moment, radiation is still very hazardous in Fukushima 
(Hiyama et al., 2012), but the results from this study, together with other reports about 
adaptations in Chernobyl (Sugg et al., 1996, Kovalchuk et al., 2003, Zelena et al., 2005, 
Geras'kin et al., 2008, Yablokov et al., 2009), suggests that the environment around 
Fukushima will recover. With this knowledge, it is possible to facilitate the recovery, in order 
to establish a stabile ecosystem as early as possible. Initiatives such as minimizing 
contamination by a thorough cleanup, exclusion of humans in order to reduce other 
environmental stressors and wild life management would be relevant. It could for example be 
considered to introduce native Chernobyl individuals in to an already existing population in 
Fukushima, to facilitate gene mixing and contribute with radioresistant adaptations. However, 
careful consideration would be needed in order not to disrupt an already fragile ecosystem, 
for example by accidentally introducing an invasive subspecies. 
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8. Appendix 
8.1. Dissection of Grasshoppers 
8.1.1. Buffers, Solutions and Materials 
 Dissection disc and tools (forceps, scissors and probe) 
 Plexiglass plate 
 Geiger counter – Mini instruments LTD, type 5.10 
 Measuring paper 
 Stereo magnifier – Grundlach, max. ×4.5 
 Ethanol (80%) 
 TENS buffer, pH 8.5  
o 100 mM Tris-HCl, (Tris: AppliChem cas. no. [1185-53-1] and HCl cas. no. [7647-01-
0]) 
o 200 mM NaCl, cas. no. [7647-14-5] 
o 0.2% SDS (Sodium dodecyl sulfate) Sigma-Aldrich 99% cas. no. 151-21-3 
 PBS buffer + 20 mM EDTA 
8.1.2. Method 
1. Keep everything on ice 
2. Measure length of abdomen, thorax, total body, forewing and hindlegs. 
3. Clip the head of. Remove wings and legs. Save pieces. 
4. Place on dissection disc and secure with pins. 
5. Cut off the last abdominal segment. Open hemocoel by cutting through the cuticle and 
muscles laterally on the right side, in posterior-anterior direction. Just before forlegs, cut 
from right to left.  
6. Open the dorsal part of the exoskeleton, thereby exposing the internal organs. Fix the sides 
of the abdomen with pins. 
7. Examine under microscope and note physiological traits. 
8. Carefully remove intestine, malpighian tubules and tracheals and place on petri dish. Scrape 
hemocoel, diaphragms, nerves ect. of the exoskeleton and place on same petri dish, but 
separately from the above.  
9. Examine intestine ect. under microscope and note physiology. 
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10. Scrape tissue of the gut and move to the rest of the tissue, before removing stomach 
content. Take care not to mix stomach content with the remaining tissue. 
11. Rinse gut with water, before placing it with the rest of the tissue. 
12. Mix gut and tissue well, while cutting and homogenizing with scissors.  
13. Divide into two equal amounts and place in two eppendorf tubes, before weighing wet 
weight. 
14. For ELISA: Add 500 µL TENS buffer and proceed to next step or freeze at -20° C 
15. For other analysis: Add 2 ml ice cold 1xPBS buffer and place at -20° C 
8.2. Isolation of DNA by the ABL Method 
8.2.1. Buffers, solutions and materials 
 Proteinase K (20 mg/ml) Fermentas cas. no. [39450-01-6] 
 RNase A (10 mg/ml) Fermentas cas. [9001-99-4] 
 2-Propanol (Isopropanol) (99.7%) AppliChem cas. no. 67-63-0 
 Ethanol (80%) 
 TE buffer, pH 7.5 (TrisHCl 10 mM) AppliChem cas. no. 1185-53-1 
 1x TBE buffer, Invitrogen cat. no. 15581-044 
 NanoDrop, Spectophotometer ND-1000, Saveen Werner 
 Eppendorf thermo heater – Grant instruments, type UBD2 
 Centrifuge – Ole Dich microcentrifuge 157.MP 
8.2.2. Method 
1. Homogenize samples thoroughly with pistle. 
2. Add 10 µL Protinase K and whirly mix. 
3. Incubate at 55° C over night. 
4. Remove samples from 55° C and leave to cool to room temperature. 
5. Add 5 µL RNase and incubate for 30 min at room temperature. 
6. Whirly mix, before centrifuge at 15,000 g, 15° C, 7 min. 
a. Transfer supernatant and repeat.  
7. Prepare new e-tube with 500 µL isopropanol. 
8. Transfer supernatant from sample to new e-tube. 
9. Incubate for 5 min, while being turned up and down a few times – use a holder as a ‘lid’. 
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10. Centrifuge 20,000 g, 15° C, 10min.  
11. Discard supernantant and resuspend pellet in 500 µl ethanol, before whirly mixing. 
12. Incubate for 5 min, while being turned up and down a few times. 
13. Centrifuge 20,000 g, 15° C, 10min.  
14. Discard supernantant with a pipette (use double tip, in order to remove as much as 
possible). 
15. Dry pellet in fumehood (>20mim) 
16. Resuspend pellet in 55 µl TE and whirly mix. 
17. Place on 55° C for 45 min before whirly mixing again. 
18. Measure DNA content and purity on nanodrop. 
a. Measure minimum triplets of each sample, and measure same replicate three times. 
19. Proceed or store at -20° C.  
8.3. Positive control 
8.3.1. Buffers, solutions and materials 
 Hydrogenperoxide (35 %) Material Shop, over the counter. 
 Catalase (1 mg/ml) Sigma cas. [9001-05-2] 
8.3.2. Method 
1. Select two random samples  
2. Add 1.4 µl hydrogenperoxide (reaction volume 17 µmmol/1 % hydrogenperoxide) and 
incubate for 10 min. 
3. Add 2 µl catalase (reaction volume 7 units catalase) and incubate minimum 10 min. 
8.4. DNA hydrolysis 
8.4.1. Buffers, solutions and materials 
 DNase I (600 u/ml) Sigma-Aldrich cas. no. 9003-98-9 
 Alkaline phosphotase (0.062 U/μl) Sigma-Aldrich cas. no. 9001-78-9 
8.4.2. Method 
1. Add 1.5 ul DNase I, incubate at 37° C, 30 min. 
2. Add 1 µl Alkaline phosphatase, incubate at 37° C, 30min. 
3. Proceed or store at -20° C. 
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8.5. ELISA 
8.5.1. Buffers, solutions and materials 
 8-hydroxy-2-deoxy Guanosine EIA Kit from StressMarq Biosciences Inc. Molecular 
Signature
TM
 Series cat. no. SKT-120-480 (including 5 * 96-strip well plate pre-bound 
with goat Anti-Mouse IgG8-oxo-dG, an 8-OH-dG monoclonal antibody (Anti-8-OH-
dG), an competitive tracer enzyme (8-OH-dG AChE Tracer), detection substrate 
(Ellman’s Reagent), standards (8-OH-dG), wash and EIA buffer). 
 Micro plate reader, Bio-Tek, Synergy HT 
 Mili q water 
8.5.2. Method 
1. Organize samples in the wells, so it fits with the spreadsheet. 
2. EIA buffer preparation: 
a. Dilute 1 vial of EIA buffer concentrate with 90 mL mili q water. 
b. Store at 4° C 
3. Wash buffer preparation: 
a. 5 ml vial Wash Buffer dilute to total volume of 2 L with mili q water and add 1 ml of 
Tween 20  
b. Store at 4° C 
4. 8-hydroxy-2-deoxy guanosine AChE tracer preparation: 
a. Add 6 ml of EIA buffer to 8-hydroxy-2-deoxy guanosine AChE tracer 
b. Add 60 µl of dye to 8-hydroxy-2-deoxy guanosine AChE tracer 
c. Store at 4° C for max 4 weeks 
5. 8-hydroxy-2-deoxy guanosine monoclonal antibody preparation: 
a. Add 6 ml of EIA buffer to 8-hydroxy-2-deoxy guanosine monoclonial antibody 
b. Add 60 µl of dye to  8-hydroxy-2-deoxy guanosine monoclonial antibody 
c. Store at 4° C for max 4 weeks 
6. Standard preparation: 
a. Mark e-tube with ‘bulk standard’. Transfer 100 µl 8-OH-dG standard. 
b. Dilute with 900 µl mili q water (conc. = 30ng/ml) 
c. Store at 4° C 
d. Mark 8 clean e-tubes with the numbers 1-8 
e. Add 900 µl EIA buffer to tube 1) 
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f. Add 500 µl EIA buffer to tubes 2) – 8) 
g. Transfer 100 µl of bulk standard to 1) and mix thoroughly. 
h. Transfer 400 µl from 1)2) and mix. Continue 2)3)4) ect. 
i. Store at 4° C for max 24 hours.  
7. Dilution of samples 
a. Prepare e-tubes 
b. Dilute with EIA buffer to appropriate dilutions based on Nanodrop results 
8. Adding of reagents on plate 
a. EIA buffer 
i. 100 µl to NSB 
ii. 50 µl to B0 
b. Standards: Add 50 µl of x) to two wells 
c. Samples: Add 50 µl of sample pr well – in 2 replicates 
d. 8-hydroxy-2-deoxy guanosine AChE tracer: Add 50 µl to each well EXEPT TA and 
blank 
e. 8-hydroxy-2-deoxy guanosine monoclonal antibody: Add 50 µl to each well EXEPT 
TA, NSB and blanks 
9. Incubate plate with plastic film for 18 hours 4° C (eg. 2.00 PM to 8.00 AM) 
10. Prepare Ellmans reagent (on the same day as used): 
a. Add 20 ml of mili q water to 100dnt vial Ellmans reagent 
11. Empty wells and rinse 5 times with Wash buffer 
12. Add 200 µl of Ellmans reagent to each well 
13. Add 5 µl of tracer to the TA well 
14. Cover plate with plastic film and tinfoil (so it is dark) 
15. Develop plate on orbital shaker, 90-120 min 
16. Read plate 
a. Wipe bottom with clean tissue to remove fingerprints 
b. CAREFULLY remove cover. If Ellmans reagent is on cover pippet down in to wells. 
If too much is lost wash and re-do 9-13  
c. Read at 415 nm. Absorbance for B0 must be 0.3-1.0 AU (minus blank). If absorbance 
exceeds 2.0, wash the plates, add fresh Ellmans reagent and develop again. 
NB: Mention of brand names does not imply endorsement of these products and preference to 
other similar materials. 
